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 Understanding how radionuclides interact in the subsurface is important for the 
remediation of contaminated sites, assessment of risk due to radioactive waste disposal, 
and designing new radioactive waste management strategies.  The current understanding 
of the geochemical behavior of radionuclides in the subsurface and more specifically the 
vadose zone has been developed through reactive transport modeling supplemented by 
laboratory experiments.   Interactions between radionuclides with the mineral particles 
and organic matter  in the vadose zone can be very complex and while laboratory 
experiments produce valuable data, few controlled, intermediate scale transport studies 
have been performed.  In order to accurately predict vadose zone behavior of 
radionuclides, intermediate to field scale experiments must be performed.  
 This work is intended to provide a summation of the data collected from the first 
two years of the Radionuclide Field Lysimeter Experiment (RadFLEx) at the Savannah 














Pu.  Non-radioactive iodine was also 




I.  Two types of sources 
were chosen.  The first, which was chosen in order to simulate soil contamination, was 
prepared by pipetting the radionuclides onto a small mass of the soil used to pack the 
lysimeters.  The second, which was chosen to represent the release from the cementitious 
waste form at the SRS, was prepared by amending the radionuclides into the pre-mixture 
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batch components of the cementitious material (Roberts et al., 2012).  The sources were 
placed in the lysimeters at the midpoint of the soil column and packed with a sandy loam 
soil that is representative of the majority of the vadose zone at the site (Roberts et al., 
2012).  The lysimeter were then exposed to natural rainfall and environmental conditions 
and effluent samples were collected on a quarterly basis.  
 The work was divided into two phases.  The first included measurement of the 
effluent from the lysimeters using a variety of analytical and radio-analytical detection 
methods to monitor for any breakthrough that may have occurred.  Sampling occurred on 
a quarterly basis, and this work includes the compilation of data from six sampling events 






Tc, and have been 
measured in appreciable quantities in the lysimeter effluent.  Six of the lysimeters 
containing 
60
Co in the source have had appreciable breakthrough (or measurable activity 
in the effluent) with cumulative activities ranging from 372 – 8038 Bq (0.01 – 0.26% of 
the initial activity added) measured in the effluents.  Breakthrough of approximately 1597 
Bq (2.5% of the initial activity added) has been measured from one of the lysimeters 
containing 
237
Np (added as Np(V)).  The most significant breakthrough occurred in the 
lysimeters containing 
99
Tc with a total of 1 – 12 MBq (10-58% of the initial activity 
added) measured in the effluent of these lysimeters. 
 
 The study is designed to run for 10 
years and sampling will continue for the duration.  
 The second phase of this work included the analyses of the soil columns and 





The lysimeters were opened and segmented into 2.5 cm thick sections as a function of 
depth.   Analysis of the soil columns showed both downward and upward migration of 
99
Tc in both of the lysimeters.  There was little difference between the distribution 
profiles of both lysimeters as well.  The Tc concentrations in each core were within one 
order of magnitude.  Analysis of sources from the two lysimeters included the extraction 
of a representative number of subsamples that could be used in computational estimations 
of both the total activity remaining and the Tc distribution.  The sources were also split in 
half in order to verify the conceptual model for release from cementitious materials.  The 
combination of the visual and computational analyses provided valuable knowledge 
regarding this conceptual model but further development of the computational analysis 
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 Understanding the geochemical behavior and vadose zone transport of 
radioisotopes produced during nuclear weapons development and generated during 
nuclear power production is very important when determining a long-term storage 











Co are risk driving radioisotopes under release or disposal scenarios due to 
either their half-life, environmental mobility, or quantity produced.  Subsurface transport 
of these elements is influenced by many factors including sorption, oxidation and 
reduction, complexation, and precipitation reactions (Choppin, 2006; Cleveland, 1979; 
Kaplan et al., 2006; Kazuba and Runde, 1999; Kim et al., 2006; Madejon, 2012).   A 
greater understanding of this behavior will help to develop more robust geochemical 
models and reduce conservatism in performance assessments.  Laboratory experiments 
provide valuable data but there is a need to supplement this data with field scale 
experiments that can be performed under more representative environmental conditions.  
For example, several studies have examined the transport of plutonium using field 
lysimeters and used lab scale data to conceptualize the field scale reactive transport 
models (Kaplan et al., 2004, Kaplan, 2006). 
 Lysimeters are field columns packed with sediment and contain a source amended 
with a radionuclide of interest placed at the midpoint of the soil column.  The lysimeters 
2 
 
are left exposed to rainfall and field conditions.  The effluent is collected and analyzed 
for the contaminant initially amended in the source.   Following a defined timescale for 
effluent collection, the lysimeters are cored and the concentrations of the contaminant in 
the solid phase are determined.   
 Early studies by Kaplan et al. (2004, 2006) provided valuable information about 
plutonium behavior in the vadose zone.  The lysimeters contained sources of a known 
activity and oxidation state of plutonium and were left exposed to environmental 
conditions for approximately 2 and 11 years.  Ninety-five percent of the plutonium in 
each lysimeter was found within 1.25 cm from the source with >90% of the plutonium as 
the Pu(IV) oxidation state. Detectable levels of plutonium were found approximately 30 
cm below the source in the lysimeters containing the Pu(III) and Pu(IV) sources and  
breakthrough occurred in the  lysimeter containing an Pu(VI) source. This is expected 
based on the higher mobility of Pu(VI) relative to Pu(IV).   Another important discovery 
from these works was the observed upward migration of plutonium.   Demirkanli et al., 
2008, 2009 and Thompson et al., 2012 provided strong evidence that this upward 
migration was caused by uptake in grass roots that grew naturally on the surface of the 
lysimeters during the experiment.  More accurate simulations were developed by 
including partitioning coefficients between plutonium and the grass roots (Demirkanli et 
al., 2009).  Laboratory studies of plutonium uptake and mobility in corn were also 
performed and provided additional support for this explanation (Thompson et al., 2012).   
 A new set of field lysimeter experiments has been designed and deployed at the 
Savannah River Site which has been designed to address the knowledge gaps from the 
3 
 
previous work mentioned above (Roberts et al., 2012).  Lysimeters containing plutonium 
sources were installed in triplicate so that soil profile analysis can be performed after 2, 4, 
and 10 years.   Analysis was only performed after 2 and 11 years during the original 
study.  One set of lysimeters contains plutonium sources amended with natural organic 
matter (NOM).  The sorption capacity and solubility of Pu(IV) is strongly influenced by 
NOM due to the formation of Pu-NOM complexes.  Additionally, one set of lysimeters 
containing plutonium sources will contain vegetation in order to verify the effect of plant 
roots on the upward migration of plutonium.  There are also two sets of lysimeters 
containing Np(IV) and Np(V) sources that can be used as oxidation state chemical 
analogs of plutonium. 
 The narrative below provides background information on the geochemical 
behavior of Np and Pu as well as a description of the previous lysimeter experiments. The 
new set of lysimeter experiments will also contain sources with Tc, I, and gamma-
emitting radionuclides. A complete list of the radionuclides included in the new study is 
shown in Table 1.1 (Roberts et al., 2012).  There have been no previous publications 
examining transport of these isotopes in field lysimeters at the SRS.  Therefore, a general 
discussion of the geochemical behavior of these isotopes in the context of the new 




Table 1.1:  Number designations and the radioactive source descriptions and associated 
activities for each of the lysimeters in the experiment.  *OM = organic matter, amended in 







1 Empty - 13 Empty - 
2 Cement Control 
0 
14 Saltstone Control 
0 
3 Cement Control 15 Saltstone Control 
























5 Cement Gamma Suite 17 Saltstone gamma suite 
6 Cement Gamma Suite 18 Saltstone gamma suite 
7 Cement Tc & I 9657 
99
Tc; 
0.07 mM I 
19 Saltstone Tc & I 9657 
99
Tc; 
0.07 mM I 8 Cement Tc & I 20 Saltstone Tc & I 


















10 Pu(IV)-oxalate, grass 22 Pu(V)NH4(CO3)/OM* 
11 Pu(IV)-oxalate, grass 23 Pu(V)NH4(CO3)/OM* 
12 Grass Control 
 
24 Instrumental control 
 
      
25 Sediment Control 
 
37 Instrumental Control 
 






















27 gamma suite 39 Pu(IV)oxalate 






































45 Pu colloids 
34 Pu(III)oxalate 46 Pu colloids 
35 Pu(III)oxalate 47 Empty - 
36 Empty 
 






 Savannah River Remediation (SRR) presently has 43 transport experiments 
underway at the Radionuclide Field Lysimeter Experiment.  In this experiment, 
radionuclides are buried in 5-L containers that are open to precipitation.  Leachate is 
collected from these lysimeters every three months to provide a measure of radionuclide 
transport through the columns. One group of 14 lysimeters contains cementitious sources.  
These sources are cylindrical in shape with a diameter of 3.18 cm and a height of 1.27 
cm.  These include:  
1. radionuclide-free cementitious material (control) (Lysimeters 2,3,14, and 15) 
2. 99Tc and stable iodine (lysimeters 7,8,19, and 20) 
3. a suite of gamma emitters, 137Cs, 60Co, 133Ba, and 152Eu (lysimeters 4-6 and 16-18) 
 
A second set of 29 lysimeters contain soil sources which have been amended with 
actinides. These include:  
1. Pu(V)NH4(CO3) (lysimeter 21-23 and 41-43).  
2. a suite of beta/gamma emitters, 137Cs, 60Co, 133Ba, and 152Eu (lysimeters 26-28) 
3. 237Np (lysimeters 29-32) 
4. Pu(III)oxalate  and Pu(IV) oxalate (lysimeters 9-11, 33-35, and 38-40) 
5. Pu colloids (lysimeters 44-46) 
6. Sediment controls with no radionuclides (lysimeters 12, 24, 25, and 37). 
 
 Two additional lysimeters (24 and 37) were constructed to be used as instrumental 
controls.  These lysimeters were prepared identically to the other 41 lysimeters except no 
source was added.  Each lysimeter was fitted with two Decagon 5TM probes, which 
measure soil moisture and temperature, located 20 cm and 51 cm from the top of the 
lysimeters.  Additionally, each lysimeter was fitted with one Decagon 5TE probe, which 
measures soil moisture, temperature and electrical conductivity, located 36 cm from the 
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top of the lysimeters.  All of the probes collect data every 30 minutes.  The data is 
collected during sampling of the lysimeter effluent.  Another Decagon 5TE probe was 
placed in the soil at the site to monitor actual conditions in the soil (Roberts et al., 2012).   
 Furthermore, this study will provide data that are relevant to performance 
assessment models at the Savannah River Site (SRS).  The Savannah River Site currently 
contains approximately 100 million liters of radioactive waste in 51 underground storage 
tanks, 47 of which are still operational (U.S. Nuclear Regulatory Commission, 2014).  
The waste in these tanks is in two forms: an insoluble mixture of metal hydroxides and a 
soluble salt.  The soluble salt form makes up 93% of the total waste volume.  Treatment 
of the salt waste is performed by solidifying the waste in a solid form called saltstone.  
Saltstone is a mix of Portland cement, fly ash, aggregates, and blast furnace slag, which 
serves as a reducing agent.  A key motivation for the implementation of this disposal 
method is the immobilization of the highly mobile Tc(VII) by reduction to the immobile 
Tc(IV).  Lysimeters 19 and 20 contain saltstone sources amended with 
99
Tc.  Among the 




















Ba) and trivalent (
152
Eu) cation release from the 









Eu. Lysimeters 7 and 8 will contain cement sources (no 
slag present) amended with 
99
Tc and lysimeters 4-6 will contain cement sources amended 
with the suite of gamma emitters.  The reasons for the inclusion of the sets of saltstone 
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and non-slag containing cement sources are: to verify the effectiveness of saltstone in the 
reduction of Tc and to observe the mobility and release of cations from this waste form.  
Project Overview 
 The Radionuclide Field Lysimeter Experiment (RadFLEx) facility is located at 
the Savannah River Site in Aiken, SC.  Each lysimeter (24” long and a 4” diameter) has a 
volume of 4,118.5 cm
3 
that is uncapped at the top end allowing exposure to 
environmental conditions (Roberts et al., 2012).  The lysimeters are packed with a soil 
representative of the sediment found at the Savannah River Site, specifically at the 
radioactive waste burial facilities. Specific chemical and physical characteristics of the 
soil are shown in Table 1.2 (Roberts et al., 2012).   
 
Table 1.2:  Characterization of soil obtained from Central Shops Borrow pit at the 
Savannah River Site (Roberts et al., 2012). 
 
Analysis Lysimeter Soil 
Lysimeter 
Soil +OM* 
   
pH 5.27 4.89 
Org-C (%) 0.085 1.704 
Org-N (%) 0.008 0.062 
Org-S (%) 0.012 0.018 
Sand (%) 89.8  
Silt (%) 8.0  
Clay (%) 2.2  









) 1.73 5.56 
Base Saturation (%) 27.62 14.21 
CDB Fe (mg g
-1
) 6.01 ± 0.68  
CDB Al (mg g
-1
) 1.978 ± 0.20  
Total Acid 
Digestion 
Total Fe (ppm) 8101 13180 
Total Mn (ppm) 7.29 7.72 
Total P (ppm) 36.6 <6 
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Total S (ppm) 112.2 111.5 
           * OM = organic matter, amended in the soil of lysimeters 21, 22, and 23. 
 
The primary purpose of this work is to analyze samples from the RadFLEx 
facility located at the Savannah River Site, interpret the data, and provide any necessary 
explanation and support for the findings.  The experiment began in July, 2012 and is 
expected to span a ten year period.  This proposed work will include measurements of six 
sampling events (1.5 years) and analysis of any radionuclides measured in appreciable 
















Saltstone Waste Formulation 
 Incorporation in saltstone as a method of Tc immobilization has been studied in 
the works by Kaplan et al. (2011) and Estes et al. (2012).  These works have examined 
the sorption of technetium to cementitious materials such as saltstone.  The important 
finding from these studies has been the affirmation of the shrinking core model which 
describes the oxidation of sorbed Tc with saltstone (Kaplan et al., 2011).  The model 
illustrates the oxidation of the sorbed Tc(IV) to the mobile Tc(VII) dependent on the 
available oxygen in the system and desorption, or release, of Tc dependent on the rate of 
diffusion of oxidizing water and Tc through the source.  Oxidation of Tc will occur when 
sufficient oxygen is present in the system; however release can only occur when 
oxidizing water is introduced to the system.  Exposure to oxidizing water will result in 
the formation of two zones in the material delineated by a gradient in Tc concentration; 
the “oxidized” zone where exposure to oxidizing water has occurred and the Tc 
concentration is significantly low compared to the “reduced” zone where oxidation and 
the release of the remaining reduced Tc(IV) has not yet been facilitated.  In the context of 
this experiment, the formation of these zones in the cylindrical cementitious sources can 
be visualized in Figure 2.1 where the remaining reduced Tc(IV) and bulk of the activity 
in the system (reduced zone) is analogous to an inner core surrounded by a volume of low 









Figure 2.1:  Conceptual visualization of the model describing the oxidation and release of Tc 
sorbed to cementitious materials.  The figure is a representation of the application of the 
model to the cementitious sources used in the RadFLEx study assuming that exposure to 
oxidizing water has occurred. 
 
 
 The saltstone sources in this work are composed of a 45:45:10 premixture ratios 
of fly ash, slag, and cement, respectively (Roberts et al., 2012).   Roberts and Kaplan 
(2009) used the methods described by Angus and Glasser (1985) to measure the 
reduction capacity of this composition of slag.  The reported value of 819 µeq g
-1
 is 
consistent with values determined in similar studies (Kaplan et al. 2008, Kaplan et al. 
2005, Lukens et al. 2005).    




Tc) is a fission product produced in nuclear reactors at a rate of 





half-life and high mobility of 
99
Tc in environmentally relevant conditions contribute to its 
importance when conducting performance assessments of nuclear waste repositories 
(Chen et al., 2000).   The immobile Tc(IV) oxidation state is dominant under reducing 
conditions with the hydrolysis species, TcO(OH)2(aq), and carbonate species, 
Tc(OH)2CO3(aq), being the most dominant in solution (Chen et al., 2000).  These species 
have low solubility and because Tc(IV) demonstrates high sorption to geologic materials 
and humic substances, its mobility will be very limited under relevant conditions (Chen et 
al., 2000).  Tc(VII) is the stable oxidation state under non-reducing conditions with the 
anionic TcO4
-
 being the dominant aqueous species (Chen et al., 2000).  TcO4
-
 and its salts 
have high solubility and TcO4
-
 weakly sorbs to geologic material.  
 For this study there are 2 lysimeters with 
99
Tc amended into saltstone and 2 
additional lysimeters with 
99
Tc amended into cement absent of slag.  The percolation of 
oxidizing rainwater through the lysimeter is expected to oxidize Tc(IV) at the surface of 
the sources and then diffuse into the sources and oxidize interior Tc(IV).  Thus, it is 
expected that there will be some initial release because there is a uniform distribution of 
99
Tc about the source.  Any subsequent release of Tc will be governed by the rate of 




Co) is a fission product and was chosen for this study in order to 
examine transport of divalent cations.  In terrestrial environments, aqueous 
60
Co is found 
in the Co(II) and Co(III) oxidation states with Co(II) being the dominant state (Collins, 
2010).  Cobalt mobility in soil is dependent on pH with approximately an order of 
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magnitude variation in Kd values for a unit of pH change in the soil.  Due to its low Ksp 
value, Co(III) will only be present in aqueous solutions if complexed with a strong 
chelating agent (Duckworth et al., 2009).    Studies of 
60
Co speciation in groundwater as a 
result of contamination from nuclear waste repositories have shown that when deposited 
with a strong chelating agent (i.e. EDTA) anionic EDTA complexes dominate 
60
Co 
speciation (Caron and Mankarios, 2004; Robertson et al., 1995).    The oxidation of the 
Co(II)-EDTA complexes is most likely due to solid phase Fe(III) oxyhydroxides and 
Mn(IV) oxides (Collins, 2010).    
Plutonium 
  Plutonium mobility in soil is largely governed by its oxidation state.  Plutonium 
is unique in that it may simultaneously exist as reduced Pu(III/IV) and oxidized Pu(V/VI) 
in a given system (Cleveland, 1979).  Geochemical behavior, such as complexation 










+4.0            +3.2             +3.0            +2.2 
The increased effective charge of the of the plutonyl (i.e. Pu(V) and Pu(VI)) oxidation 
states is due to the axial oxygen atoms (Kim, 1986).  Far field transport of Pu has also 
been facilitated by the presence of colloids with kilometer scale transport observed at the 
Nevada Test Site (Kersting, 1999).  Previous lysimeter experiments of Pu transport in 
Savannah River Site soils have shown the importance of the oxidation state of the source 
and oxidation and reduction reactions on Pu mobility (Kaplan et al., 2006; Kaplan 2004).  
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An 11 year field lysimeter study analyzed by Kaplan et al. (2004) employed four 
lysimeters containing three reduced sources (one Pu(III) and two Pu(IV)) and one 
oxidized source (Pu(VI)).  The main finding was that in each lysimeter, 95% of the Pu 
was found within 1.25 cm from the source.   Reactive transport modeling and oxidation 
state analysis of the Pu within the soil showed that >90% was as the immobile Pu(IV) 
(Kaplan et al., 2006).  Decreasing concentrations of Pu with depth were found in the 
reduced Pu lysimeters as far as 40 cm from the surface.   It is evident that in these 
lysimeters Pu underwent cyclic oxidation and reduction.  This conceptual model is 
consistent with the wetting and drying cycles within the lysimeter soil profile where 
penetrating water will cause Pu oxidation and subsequent downward movement.  Drying 
will then cause Pu reduction to the immobile Pu(IV) state.   
 The RadFLEx facility includes 18 lysimeters that contain Pu sources in the +3, 
+4, and +5 oxidation states. Lysimeters 9, 10, and 11 have been amended with grass in 
order to observe the effect of vegetation and lysimeters 21, 22, and 23 were amended 
with organic matter in order to observe the potential of organic matter to enhance the 
mobility of Pu (Roberts et al., 2012).   Lysimeters 33-35 and 38-46 contain Pu sources 
with no additional amendments. The addition of vegetation was made because the 
upward migration of Pu observed in the previous lysimeter studies has been attributed to 
plant root uptake (Demirkanli et al., 2009, Kaplan et al., 2010, Molz et al., 2014).  
Experimental data and modeling agreement suggest that the grass allowed to grow on the 
lysimeters was responsible for transport up in the root xylem and into the above-ground 
parts of the plant.  This would result in Pu deposition on the surface of the lysimeter 
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during die-back with any remaining Pu in the roots diffusing back into the soil.  The rate 
of uptake in the grass roots is 5 x 10
6 
times faster than in corn (Molz et al., 2014) and 
likely contributed to the majority of the Pu concentration measured above the source.  
Another possible contribution to the upward migration is a vertical soil water flow to 
roots that is not a parameter in current 1-D modeling approaches, such as microbial 
chemotaxis (Molz et al., 2014).  The set of lysimeters with well characterized sources that 
have been amended with Bahia grass will be very useful in validating previous concepts 
and conjectures.  The breadth of the sources and amendments of the Pu lysimeters will 
increase the understanding of Pu mobility through sediment gained from the previous 
studies, though the results from those studies suggest that no Pu breakthrough will occur 
for the duration of the new project.    
Neptunium 
 Due to its long half-life (2.14 x 10
6
 years) the contribution of neptunium (Np) to 
the radiation inventory in nuclear waste repositories is an important consideration.   The 
Np(IV) and Np(V) oxidation states may exist in the environment. However in mildly oxic 
aqueous conditions, Np(V)  is the dominant species (Kaszuba, 1999).  The high solubility 
of the solid phases and weak sorption of Np(V) make it very mobile under most 
environmental conditions.  Tetravalent neptunium is more commonly found under highly 
reducing conditions and is far less mobile due to its lower solubility and greater tendency 
to form surface complexes (Kaszuba, 1999). 
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 Previous work has been performed that studied sorption of Np(V) to SRS soil 
(Miller, 2010).  Desorption experiments showed that sorption was completely reversible, 
thus allowing for simulation using either Kd values or standard surface complexation 
models.  Additional sorption experiments in the presence of natural organic matter 
(NOM) and other reducing agents, that would promote competition for sorption, had little 
effect on sorption behavior.  The sorption data was modeled using a diffuse-double layer 
model and calibrated using citrate-bicarbonate-dithionite (CDB) extractable iron content. 
It was determined that 4% the soil Fe was reactive with Np.  The sorption data were 
modeled using 1:1 (pH values less than 7) and 1:1 and 2:1 Np: FeOH (pH values greater 
than 7) surface complexes which reacted with the 4% of reactive iron content in the soil 
(Miller, 2010).   These findings can be exploited for modeling Np transport in the 









OBJECTIVES AND APPROACH 
Goal 
The goal of this research is to analyze effluent samples from the RadFLEx facility 
and use the data to develop conceptual models describing the fate and transport of each 
isotope that can be used to inform quantitative reactive transport models. The results may 
confirm previous conceptual models or provide new information that can alter our current 
understanding or fill knowledge gaps related to these radionuclides.    This work will 
contain the results from analysis of 1.5 years of sample collection of effluent samples 
from 41 lysimeters containing 
99










Pu.  It 
will also include an examination of the high release of 
99
Tc that will be characterized 
through examination of the concentration distribution in the soil and the source.   
Experimental Objectives 
1) Effluent measurements 
a. Measure the activity concentrations in the lysimeter effluent of the 
radionuclides using various radiological measurement techniques 
b. Measure aqueous parameters (i.e. pH and DO content) in the lysimeter 
effluent to gain a better understanding of the conditions in the systems. 
2) Examination of lysimeters containing 99Tc and stable I 
a. Soil Analysis 
i. Extrude soil cores and segment into 2.5 cm thick sections  
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ii. Determine the vertical distribution of 99Tc in the soil column 
b. Source Analysis 
i. Collect subsamples from the sources and measure the concentration of 
99
Tc in the subsamples 
ii. Use the concentrations in the measured subsamples to estimate the 
total activity remaining in the source 
iii. Calculate the distribution of 99Tc in the sources and examine the 
images taken of the inside of the sources and compare with the 

















MATERIALS AND METHODS 
Lysimeter Design 
 The construction of the lysimeters used in this experiment is described in Roberts 
et al., 2012.  The lysimeters are made from 24” by 4” diameter PVC pipes.  A 4” to 2” 
reducer is placed at the bottom of the pipe to hold a perforated polypropylene grid 
supporting a nylon mesh screen (80 x 80 mesh, McMaster Car part # 9318T17) meant to 
prevent sediment from passing through into the effluent collection bottles.  The 4” to 2” 
reducer is connected to a 2” busing which is fitted with a ¾” barbed nipple.  Nylon 
Tygon tubing is attached to the nipple to guide the effluent water into the collection 
bottles.  Based on calculations using the average volume of water passing through the 
lysimeters, there should be no restriction of flow through this configuration.  The 
lysimeters are housed in a 6” diameter PVC pipe with a 6” to 4” reducing bushing for the 
purpose of secondary containment.  A small section of 4” PVC is glued into the bushing 
and coupled to another 4” to 2” reducer with a 2” PVC pipe that collects effluent for the 
secondary containment.  The secondary containment serves not only as double 
containment consistent with radiological protection but also as a collection mechanism 
should any overflow occur from the lysimeters. A secondary but very important benefit 
of this design is that extraction of the lysimeters can be accomplished with relative ease.  












Figure 4.2:  Schematic of the lysimeters.  The nylon mesh was glued to the bottom of the 
PVC pipe.  Then the polypropylene grid was glued on the bottom of the PVC pipe.  Finally, 
4” to 2” reducer was fitted over the bottom of the pipe.  The purpose of the reducer was also 




All measurements and observations were recorded in a laboratory notebook with 
the appropriate title, time, date, and apparatus used.  A sample datalog sheet, that 
includes the unique sample and subsample code identification (ID), dates of sample 
collection, receipt from the Savannah River Site (SRS) and dates of sample preparation 
and analysis at Clemson, was created for each sample received at Clemson.  Preliminary 
Polypropylene grid 




measurements and subsampling information were also recorded on these datalog sheets.  
An example datalog sheet can be found in Appendix A. 
  The high purity germanium detectors (Model: GC2519, SN: 08017390 and 
Model: GC4018, SN: 1933074) and Thermo Scientific inductively coupled plasma mass 
spectrometer (Model: X-2, SN: 012990) were calibrated with National Institute of 
Standards and Technology (NIST) traceable standards.  The calibration date, standard 
identification and expiration dates, and quality assurance and quality control (QA/QC) 
spiked samples were recorded on a calibration datasheet for each sampling event.   An 
example datasheet for calibration can be found in Appendix A. 
Sample Receipt and Subsampling 
Lysimeter effluent samples have been received in 2 L bottles on a quarterly basis 
since November, 2012.  Effluent samples are collected and shipped by Savannah River 
National Laboratory collaborators Dr. Dan Kaplan and Dr. Kimberly Roberts. The 
methods described below have been used for the samples that have been received to this 
point and will be used for future samples.  Approximately 250 mL, (or half of the total 
volume if the sample volume was less than 500 mL) of each lysimeter effluent sample 
was removed for archiving and placed into a 250 mL high-density polyethylene (HDPE) 
pre-cleaned container.  The ID given to each subsample was also used for the archived 
containers. The pH and dissolved oxygen (DO) content of each received solution was 
measured using a Thermo Ross semi-micro pH electrode and a VWR dissolved oxygen 
probe. The pH electrode was standardized with Thermo pH buffer solutions at pH values 
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of 4.01, 7.00 and 10.04. Archive information and pH and DO measurements were 
recorded on subsample datalog sheets. 
 Lysimeter effluent bottles, with the exception of 
99
Tc and stable iodine bearing 
samples, were acidified to 2% nitric acid (HNO3) using concentrated nitric acid.  The 
intent of acidifying the solutions within the leachate collection bottles was to facilitate 
desorption of any ions sorbed to the container walls. Thus the 250 mL archived 
subsample removed is to preserve the sample in the “field” (non-acidified) state in the 
event that analysis of radionuclide speciation is to be performed at a future date.  Samples 
for analyte measurements were taken from the acidified sample.  In the event that there 
was a measurable quantity of a radionuclide in the acidified subsample, then inferences 
based on conceptual knowledge radionuclide speciation could be made.  For example, if 
measureable quantities of plutonium were made in the acidified subsample from a 
lysimeter containing a plutonium source, then it could be assumed that the Pu in the un-
acidified bottle was in the +4 oxidation state, due to the high sorption affinity of Pu in 
this oxidation state.  If measurement of the un-acidified sample did not indicate the 
presence of Pu, then the concentration could then be determined in the original, un-
acidified subsample by using dilution calculations.  Additionally, oxidation state analysis 
of the acidified sample could verify these inferences.  Any samples and subsamples taken 
from the acidified bottles were referred to as the sample ID with the suffix –Acid in 






Tc and Stable Iodine 
99
Tc activities were determined using liquid scintillation counting (LSC) on a 
Hidex SL300 liquid scintillation counter. Triplicate subsamples were prepared by adding 
approximately 0.3 mL of lysimeter effluent to 5 mL of Optiphase ‘Hisafe’ 3 liquid 
scintillation cocktail, purchased from Perkin Elmer, in a 7 mL polyethylene scintillation 
vial. The exact volume of effluent solution transferred to the LSC vial was determined 
gravimetrically. The counting efficiency of 95% was verified using the triple-to-double-
coincidence-ratio (TDCR) counting protocol (Wanke et al., 2012) on the Hidex SL300. 
The background count rate and the efficiency based on TDCR for 
99
Tc were used to 
calculate the lower limits of detection using the Curie equation (Equation 1). 
(1)                  (Curie, 1968) 
NB = background counts 
 
 
(2)      
   
         
  (Curie, 1968) 
LLD = Lower limit of detection (counts) 
ϵ = efficiency (-) 
t = count time (s) 
f = Branching ratio (-) 
V = Volume of subsample (L) 
 
The lower limits of detection were then used to determine the minimum 
detectable concentrations (MDC) are listed in Table 4.1 for each sampling period.  Stable 
iodine concentrations were made using a Thermo Scientific Orion Sure-Flow 9653BN 
iodine selective electrode which was calibrated with NIST traceable iodine standards. 
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The lower limit of detection for iodine was based on the absolute value of the x-intercept 
of the calibration curve that was 7.245 x 10
-9
. 
   
Table 4.1:  Minimum detectable concentrations for the effluent analysis.   
Sampling 
Event 
99Tc* I** 60Co*** 137Cs*** 133Ba*** 152Eu*** 237Np**** 239/240Pu**** 
FY12Q4 2253.6 7.25 x 10-9 11.7 x 10-2 9.1 x 10-2 13.0 x 10-2 3.12 - - 
FY13Q1 2293.2 7.25 x 10-9  1.7 9.1 x 10-2 13.0 x 10-2 2.03 3.4 x 10-4 82.9 x 10-2 
FY13Q2a 1827.1 7.25 x 10-9 4.7 12.1 13.0 x 10-2 160 14.9 x 10-2 9.9 x 10-2 
FY13Q2b 1827.1 7.25 x 10-9 - - - - - - 
FY13Q3 - - 4.7 20.8 13.0 x 10-2 160 8.3 x 10-4 24.6 x 10-2 
FY13Q4 - - 11.7x 10-2 9.1 x 10-2 8.5 9.2 0 13.8 x 10-2 
FY14Q1 - - 11.7x 10-2 9.1 x 10-2 13.0 x 10-2 20.8 1.5 x 10-3 17.2 x 10-2 
Solid Phase 
Analysis**** 
1388.2 - - - - - - - 
* - Based on measurement of a blank sample using LSC.  Values reported in Bq L
-1 
** - Values reported in mg L
-1 
*** - Based on background count rate and efficiency in the region of interest of the 
gamma energy for the respective isotope.  Values reported in Bq L
-1 
**** - Calculations based on ICP-MS intercept concentration values reported in 
ppb.  Values reported in Bq L
-1 













 Samples containing gamma emitting radionuclides were analyzed using a high 
purity germanium detector (HPGe).  One HPGe (Model: GC4018, SN: 1933074) was 
used for analysis of the samples collected during the FY12Q4, FY13Q1, FY13Q2, and 
FY13Q3 sampling intervals and another HPGE (Model: GC2519, SN: 0817390) was 
used for analysis of the samples collected during the FY13Q4 and FY14Q1 sampling 
intervals.  Quarterly efficiency calibrations of the germanium detectors were performed 
using a NIST traceable 
152
Eu stock solution.  An example calibration curve from the 
fourth quarter of the 2012 fiscal year (FY12Q4) sampling event is shown below (Figure 
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4.3). As noted on the y-axis, the efficiency varied between 0.5% to 2.5% for the energy 
range examined.    A standard geometry of 45mL of sample in a 50mL conical 
polypropylene centrifuge tube was used.  The tube was placed in a plastic Marninelli 
beaker fitted to cover the detector and counted for 24 hours.  A quarterly background 
radiation measurement was made by counting a sample tube filled with the standard 
geometry (45 mL) of DDI water.  The background count rate and the efficiency for each 
isotope were used to calculate the minimum detectable concentration (MDC).  The 
MDCs are listed in Table 4.1.   
 
 
Figure 4.3:  HPGe Efficiency curve determined from counting 45 mL of a 
152
Eu 
standard in a 50 mL conical centrifuge tube. 
 
 
Determination of Activity 









Eu are shown in Table 4.2 (National Nuclear Data 
Center, 2014).  The gamma energies in Table 4.2 were chosen because of they were 
y = 0.0069x-0.658 
















gamma energy (MeV) 
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emitted with the highest intensities.  The activity of 
137
Cs was determined by the count 







calculated by taking the average of the activities based on the count rates associated with 
the gamma energies in Table 4.2.  
 
The error for 
137
Cs was calculated using counting 
statistics assuming a 92% confidence in the average error associated with the efficiency 






Eu was calculated 
using the standard deviation of the activity measurements based on the gamma decay 
energies. 
 
Table 3.2:  Gamma decay energies and associated intensities of the gamma emitting 
































Pu was performed using a Thermo 
Scientific inductively coupled plasma mass spectrometer (Model: X-2, SN: 012990).   
Approximately 10 mL of acidified sample was removed from the collection bottles and 











Pu, respectively.  The samples were run using 
242
Pu as an internal 
standard to account for changes in flow rate and any changes in sensitivity due to external 





Pu are based on the intercept concentrations (Appendix 
D) of the calibration curves and are shown in Table 4.1 for each of the six sampling 
events.   
Coring of Lysimeters Containing 
99
Tc Sources (Lysimeters 8 and 20) 
 Analysis of the 
99
Tc distribution in the soil columns was performed by recovering 
the lysimeter and coring the soil column into approximately 2.5 cm segments. All of the 
coring activities were performed in a 94 cm x 94 cm x 64 cm Alfa Aesar polyethylene 
glove bag (Lot: E242043).  The bottom of the lysimeter, where the reducer no longer 
overlaps the PVC pipe, was removed.   The nylon screen and polyethylene screen were 
also removed.  Then two cuts were made lengthwise with a Dremel 200 Series (Model#: 
200-1-15) and one half of the column was removed.  An image of the remaining half of 
the column containing the soil from lysimeter 20 is shown in Figure 4.4.  A GM counter 
was used to obtain a qualitative measure of the activity at the bottom of the column after 
the portion of the reducer was removed and then after the half of the column was 
removed in order to determine the approximate location of the source.  Approximately 
2.5 cm soil core sections were obtained and placed into pre-weighed, polyethylene 
Nalgene Sample Bags.  Activity measurements using a GM counter were also made 
before each core was taken by holding the detector approximately 2 cm from the soil.  
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When the source was visible, coring was temporarily stopped and carefully removed, 
placed into a mylar bag containing a damp piece of paper towel, and transferred to an 
anaerobic chamber in order to minimize exposure to oxygen and preserve the solid phase 
speciation. 
 
Figure 4.4:  Image of lysimeter 20 after half of the column was removed.  The coring 
processes were performed in a polyethylene glovegbag. 
  
 
Analysis of Soil from Lysimeters 8 and 20 
 Triplicate subsamples of lysimeter 8 and 20 soil cores were prepared for analysis.  
The soil was homogenized while in the subsample bags by mixing and shaking the bags 
by hand in order to obtain a representative concentration of 
99
Tc in the core.  
Approximately five grams of soil were removed for each subsample and placed into pre-





C for approximately 2 days until all of the water had been evaporated off to obtain the 
dry mass of the soil and determine the moisture content of the soil.   
 Approximately 30 mL of distilled deionized (DDI) water was added to the 
lysimeter 20 soil subsamples in order to desorb 
99
Tc from the soil. Using only water for 
desorption will facilitate almost quantitative desorption of 
99
Tc based on the known low 
distribution coefficient for 
99
Tc in SRS soils (Kaplan, 2003).  The subsamples were 
mixed end over end for 6 days.  The subsample tubes were then centrifuged at 4500 
rotations per minute (RPM) for 5 minutes using the 4250 swing bucket rotor.  
99
Tc 
activities in the supernatant were determined using liquid scintillation counting (LSC) on 
a Hidex SL300 liquid scintillation counter.  Subsamples were prepared by adding 5 mL 
of subsample to 15 mL of Optiphase ‘Hisafe’ 3 liquid scintillation cocktail (Perkin Elmer 
Life Sciences) in a 20 mL polyethylene scintillation vial.  The exact volume of effluent 
solution transferred to the LSC vial was determined gravimetrically. The minimum 
detectable concentration for the solid phase analyses was calculated first by determining 
the MDC of the aqueous subsample used to desorb the Tc (Equations 1 and 2), and then 
using the average mass of soil in each subsample to determine the MDC of the activity in 
the soil.  The MDC values are included in Table 4.1.  To ensure desorption equilibrium 
had been reached, additional subsamples were collected after 16 days, and similar Tc 
concentrations were observed.     
 The sampling protocol for the lysimeter 8 soil subsamples was slightly modified 
in that 30 mL of 10
-4
 M NaOH instead of water was used to leach Tc. This was done 
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because the solution (pH = 11) results in even weaker sorption of the pertechnetate 
(TcO4
-
) anion.  The lysimeter 8 subsamples were mixed end over end for 7 days with the 
same procedure used to determine the 
99
Tc activities in the lysimeter 20 soil subsamples.   
Analysis of Lysimeter 8 and 20 sources 
 The distribution of remaining 
99
Tc in the source was determined by drilling into 
the source, collecting the material, and then leaching 
99
Tc from the solid to determine the 
solid phase 
99
Tc concentration.  A Dremel 200 Series (Model#: 200-1-15) placed on a 
rotary workstation was used to drill into the source.  An image of the dremel rotary 
workstation is shown in Figure 4.5.  All of the source analysis activities were performed 
in a 94 cm x 94 cm x 64 cm Alfa Aesar polyethylene glove bag (Lot: E242043).  The 
number and locations of the subsamples drilled from the sources were chosen such that a 
representative distribution of the remaining Tc was included and the total activity 
remaining in the source could be calculated.  Drilling was first done on the source from 
lysimeter 20.  Subsamples were first collected at the center of the height of the source 
across the entire diameter.  Then several locations were chosen and subsamples were 
drilled from the top of the source down the height.  The subsamples were therefore 
collected across three dimensions of the source.   In order to achieve a higher resolution, 
or eliminate cross contamination, four radial drills made at the height of the source from 
lysimeter 8 were made.  The source broke after the fourth radial drill was made and 
therefore, subsamples were not obtained to give a vertical representation of the Tc 






Figure 4.5:  Image of the Dremel workstation (Lowe’s, 2014).   
 
 
 The subsamples were collected in weighing trays and transferred to pre-weighed 
VWR 50 conical polypropylene centrifuge tubes. The mass of the subsamples removed 
was measured gravimetrically.  Approximately 50 mg of the source was recovered at 
each drilling location. Then the solids were suspended in 30 mL of DDI water and mixed 
end over end for 11 days.  The subsample tubes were then centrifuged at 4500 rotations 
per minute (RPM) for 5 minutes using the 4250 swing bucket rotor.  
99
Tc activities were 
determined using liquid scintillation counting (LSC) on a Hidex SL300 liquid 
scintillation counter.  5mL of the supernatant was removed and added of subsample to 15 
mL of Optiphase ‘Hisafe’ 3 liquid scintillation cocktail, purchased from Perkin Elmer, in 
a 20 mL polyethylene scintillation vial.  The exact volume of effluent solution transferred 
to the LSC vial was determined gravimetrically. The counting efficiency of >99% was 
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verified using the triple-to-double-coincidence-ratio counting protocol (Wanke et al., 
2012) on the Hidex SL300.  Additional analysis was performed after 21 days to verify 
that desorption equilibrium was reached during the initial 11 day mixing. Similar to the 
lysimeter 8 soil subsamples, 10
-4 
M NaOH was as the leaching solution instead of DDI 
water. Otherwise the same procedure was applied as described for the lysimeter 20 
















RESULTS AND DISCUSSION 
pH and DO measurements 
 The pH measurements of the lysimeter effluent for the first six quarterly sampling 
events ranged from 3.6-7.3 with an average of 5.3 and standard deviation of 0.61.  In all 
cases the lysimeter effluent sampling events are described using the fiscal year and 
quarter (example FY13Q3) in which the sample was collected. The exact sample 
collection dates are noted with each dataset in Appendices B, C, and D.   Figure 5.1 
shows the measured pH values of each of the lysimeters for the first six sampling events.  
The average, maximum, and minimum pH values are also shown with the solid black and 
dashed lines.  There were also fluctuations in values during each of the sampling events 
with the highest values observed during the FY12Q4 sampling events.  This may be due 
to the shorter sample collection time which did not allow sufficient time for the leachate 
to reach equilibrium with the soil.  Also, several measurements from the FY13Q3 
sampling event (lysimeters 4, 5, and 6) appear anomalous with values between pH 3 and 




Figure 5.1:  The measured pH values of the effluent from each of the lysimeters for the first 
six sampling events.  The average, maximum and minimum of all of the pH measurements 
are also shown by the solid and dashed black lines. 
 
 
The observed variability in the pH measurements is important for the overall 
understanding of these systems.  The same soil was used in each of the lysimeters and 
each are exposed to similar conditions, i.e. temperature and relative amount of rainfall, 
yet there were as high as 4 pH unit differences.  Additionally, there is no trend in the pH 
of the effluent from the lysimeters containing the cement and saltstone sources.  Over 
time, the CaCO3 in the cement will leach when in contact with water and can cause an 
increase in pH but no such evidence of this mechanism has been observed. Transport of 
the radionuclides in this study is greatly affected by pH.  Thus, in lysimeters with the 



























breakthrough.  However, it does appear that the average pH of the lysimeters is 
approaching a constant value of approximately pH 5, which is most likely due to the 
equilibrium reached between the leachate and the pH 5.27 soils in the lysimeters.  The 
average of the pH measurements of all the effluents for each sampling event is shown in 
Figure 5.2.  The convergence to a pH of approximately 5 is consistent with the pH of 
sediment at the SRS (Powell et al., 2014 and Kaplan et al., 2004).  
 
Figure 5.2:  The average of the pH values measured for each of the lysimeters during each 
of the first six sampling events. 
 
 
 The dissolved oxygen (DO) content of the lysimeter effluent had less variability 
relative to the pH measurements.  The DO content of water in equilibrium with air is 
dependent on temperature, with increased temperature corresponding to decreased DO 
content.  DO measurements were made as quickly as possible upon receipt of samples so 
















that additional interaction with the environment were at a minimum.  There is a 
possibility, however, that the exposure the effluent water has with the atmosphere during 
collection time and the variability in the time between sampling at the RadFLEx facility 
and sample receipt at Clemson University, are creating experimental artifacts in the DO 
measurements and that the speciation of radionuclides in the effluent could be altered.  
Figure 5.3 shows the measured DO content in mg L
-1
 of all the effluent samples from the 
first six sampling events. It is noteworthy that the majority of effluent samples are close 
to the theoretical saturation value of 8 mg L
-1
 DO.  The FY14Q1 samples were collected 
during the period of lowest temperature and thus it is surprising that they have the lowest 
average DO content. With the available data, an explanation for these low measurements 
cannot be developed.   It will be important to note whether this is an anomaly or whether 
this in an indication of a shift in the average DO content of these systems when 
continuing with the FY14 quarter 2 measurements.  Any large fluctuations in values will 
also be important to note as they may have an impact on the transport of the radionuclides 




Figure 5.3:  The measured DO values of the effluent from each of the lysimeters for the first 
six sampling events.  The average, maximum and minimum of all of the DO measurements 





Tc and Stable I 




Tc from the four sampling 
events is shown in Figure 5.4.  There was a significant increase in activity measured in 
the FY13Q1 samples versus the FY12Q4 samples.  There were two separate sampling 
events during the FY13Q2 sampling interval denoted by FY13Q2a and FY13Q2b.   
Lysimeter 20 samples from the FY13Q2 sampling event were not received because the 
lysimeter had been removed from the experiment after measureable concentrations of 
99















































the lysimeter was capped out of concern for the high effluent 
99
Tc measurements and no 
additional rainwater passed through the lysimeter. It was later discovered that the high 
concentrations of 
99
Tc in the secondary effluent was due to leaking from the primary 
effluent at the point where the flexible hose attaches to the ¾” barbed nipple. A ring 
clamp securing the hose had been incorrectly placed. Capping these lysimeters early had 
a significant impact on the total Tc mobilized from the system when compared with other 
lysimeters which remained uncapped.  Sample collection for all lysimeters containing 
99
Tc and iodine was stopped following the FY13Q2 sampling interval.  Thus there is no 
data to report for these lysimeters during the FY13Q3 sampling interval.  Figure 5.5 
shows the cumulative fraction of the source that has been released from the respective 
lysimeters.  Data for the control lysimeters is not included because measurements were 
below the detection limit (Table 4.1).  It is interesting to note the differences between the 
releases from the different sources.  Lysimeters 7 and 8 contain a cementitious saltstone 
material without blast furnace slag (BFS), and lysimeters 19 and 20 contain the same 
cementitious saltstone material with BFS. The total release from the sources of lysimeters 
7 and 8 is 52% and 57% respectively, compared to the source in lysimeters 19, which had 
a cumulative release of 27%.    The cumulative release from lysimeter 20 was 10%, 
although it included one less sampling event.    Determining the release during the 
FY13Q2 sampling period for lysimeter 20 would have been beneficial to know in order to 
compare its relative release to lysimeter 19. Although the concentrations of 
99
Tc in the 
effluent are similar (Figure 5.4), the cumulative fraction of 
99
Tc released for lysimeter 19 
was lower than that for lysimeters 7 and 8 (Figure 5.5) because the total volume of 
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solution passing through lysimeter 19 was lower than lysimeters 7 and 8 (Appendix B).  
Thus it appears that Tc release from both sources is primarily controlled by the volume of 
water passing near or through the source. Due to the different volumes of water passed 
through the lysimeters, it is unclear whether the BFS addition to lysimeters 19 and 20 
resulted in decreased Tc mobilization (based on the assumption that the BFS provides 
sufficient reducing capacity to maintain Tc in the less soluble Tc(IV) state.  
 
Figure 5.4:  The activity concentrations of 
99
Tc in lysimeters 7, 8, 19 and 20 for the FY12Q4, 
FY13Q1, FY13Q2a, and FY13Q2b sampling events.  Activity concentrations are reported in 
Bq L
-1
.  (Note:  a and b denote two separate sampling events in the fiscal quarter.  ‘No bfs’ 















































Lysimeter 7 (no bfs)






Figure 5.5:  Cumulative fraction of 
99
Tc relative to the source measured in the effluent for 
lysimeters 7, 8, 19, and 20. 
 
 
 Examining the cumulative activity in the effluent as a function of cumulative 
volume collected for each lysimeter provided further evidence that breakthrough has a 
strong correlation with the volume of water that passes through the lysimeter (Figure 
5.6).  There is little difference in the cumulative breakthrough from lysimeters 7, 8, 19, 
and 20.  This also provides evidence that the presence of blast furnace slag has little 










































Figure 5.6:  Cumulative activity measured in the effluent (Bq) shown as a function of 
cumulative volume collected for lysimeters 7, 8, 19, and 20.  The error was calculated by 
propagating the error associated with the activity measurements for each sampling event. 
 
 
 The release of iodine was slightly above detection limits in the lysimeter 7 
effluents from the FY12Q4, FY13Q1 and FY13Q2a sampling periods and below 
detection limits for all other effluents. Calculations of the fraction of iodine in the 
effluent from lysimeter 7 for each quarter relative to the total amount in the lysimeter are 
also shown in Table 5.1.  Measurable quantities of iodine above minimum detectable 
concentrations were only found in lysimeter 7.   The iodine concentrations for all of the 
lysimeters containing 
99













































fraction of iodine being released is decreasing but further sampling events would be 
useful to verify this.  
 
Table 5.1:  Iodine release data for lysimeters 7, 8, 19 and 20. 
Lysimeter Sample ID* 
Millimoles (and 





Fraction of iodine 
in effluent 
relative to total 
iodine in source 
7 121004-7-S 0.07 (8.82) 7.25E-05 1.04E-03 
7 130109-7-S 0.07 (8.82) 2.48E-05 3.54E-04 
7 130212-7-S 0.07 (8.82) 2.88E-05 4.12E-04 
* - Sample ID reflects the sampling date (YYMMDD-lysimeter number) 
 
 









 Nine lysimeters (4-6, 16-18, and 26-28) contained sources consisting of the 








Eu. Lysimeters 4-6 contained the 
nuclides within a saltstone matrix without additional BFS, 16-18 were contained within a 
saltstone matrix with BFS, and 26-28 were control lysimeters where the nuclides were 
added directly to a filter and placed in the lysimeters. Of those radionuclides, 
60
Co was 





Co from each lysimeter containing the suite of gamma emitting radionuclides for 
each sampling interval is shown in Figure 5.7.  The activities for each lysimeter are 
broken down by sampling event in Appendix C.  The concentration of 
60
Co was greatest 
in the effluents of lysimeters 4, 5 and 6, which had cumulative breakthroughs of 3314, 








Co in the effluent of the 
lysimeters containing gamma emitting radionuclides for each sampling event. 
 
 
 There are several important observations from this data.  First, is the breakthrough 
of Co from the lysimeters containing the cement and saltstone suite of gamma emitters 
showed that the breakthrough of Co was approximately an order of magnitude higher 
from the lysimeters containing cement sources and no BFS.  Figures 5.8 and Figure 5.9 
show the cumulative fraction of the source activity that was measured in the effluent from 
the lysimeters containing the cement and saltstone gamma suites, respectively.  The 
greatest fraction of the source measured in the effluent of the cement sources was 0.26 ± 
1.1 x 10
-5
 %% from lysimeter 5 compared to 0.02 ± 3.6 x 10
-6















































































































contains a saltstone source.   The main factor that is likely controlling the variability of 
breakthrough within the group of cement and saltstone gamma suites is the cumulative 
volume collected.  There is an approximately 2.5 L difference between the maximum and 
minimum effluent collected in each set of lysimeters.  The variability may also be an 
indication of compromises in the integrity of the source.  The existence of large pores, 
fracturing, or cracking in the sources will allow water to permeate into the interior of the 
source which could result in greater breakthrough.  
 
Figure 5.8:  The cumulative fraction of 
60
Co activity in the effluent relative to the source for 























































Figure 5.9:  The cumulative fraction of 
60
Co activity in the effluent relative to the source for 




 The second is the release of Co from the lysimeters 26-28 was negligible.  
Conceptually, it was expected that there would be greater breakthrough from the 
lysimeters containing the sources with the gamma suite spiked in the soil.  It appears 
from the data that the cement and saltstone are facilitating the transport of Co but it is 
unclear why this is the case.  It will be beneficial to examine both the source and soil 
column from each of the sets of gamma suite containing lysimeters in order to determine 
whether there has been release from the source of any of the other radionuclides, and if 
there has been any fracturing in the source that has facilitated transport.   
 The breakthrough from the lysimeters containing the suite of gamma emitting 
radionuclides can be conceptualized using knowledge of the geochemical interactions 



















































is to use partition coefficients (Kd).  Kd values are an important parameter that define the 
extent in which interactions with solid surfaces and therefore retard mobility.  Examining 
the Kd values and controlling surficial interactions of the gamma emitting radionuclides 
included in the RadFLEx study can help explain the observations in this discussion.   
 The mobility of monovalent Cs is controlled by sorption and cation exchange 
interaction between Cs to clay mineral particles in soil (Giannakopoulou et al., 2007).   
Metal concentration, pH, ionic strength, and temperature influence these interactions 
(Giannakopoulou et al., 2007).  Previous explanation of the valence state and sorption 
behavior of Co at relevant conditions should be considered in this discussion.  
Additionally, the partitioning of Co varies with pH, redox conditions, ionic strength and 
dissolved organic matter content, with sorption to iron and manganese oxides and clay 
minerals limiting mobility (Kim, 2006; Krupka and Serne, 2002).  The mobility of Ba is 
limited by the cation exchange capacity (CEC) and the calcium carbonate (CaCO3) 
content of soil (Medejon, 2012).  Adsorption of Ba, facilitated through the incorporation 
in clay minerals, will increase with increased CEC in soil.  Precipitation as witherite 
(BaCO3) will also limit mobility in the presence of elevated CaCO3 content.  The high 
sorption affinity (and high Kd) of trivalent Eu to sediment is likely due to its low 
solubility in natural environments (Krupka and Serne, 2002).   
 Kd values for the gamma emitting radionuclides are listed in Table 5.2.  In the 
work by Grogan et al. (2010), Cs and Co sorption experiments were performed with 
sediment from the upper and lower vadose zone, and aquifer zone at the E-Area of the 
SRS.  The values listed in the table were the Kd values calculated from Cs and Co 
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sorption to the lower vadose zone sediment because the soil characteristics of this zone 
were the most representative of the soil used in these experiments.  The Kd value listed 
for Eu was determined from a study of Eu sorption to a clayey soil from the SRS (Kaplan 
et al., 2010).  No studies of Ba sorption to SRS sediment were found.  Therefore, the Kd 
values determined in the work by Miller, 2010, for Strontium (Sr) and Radium (Ra) were 
plotted as a function of molecular weight.  A linear fit of the values was performed and 
the relationship was used to determine the Kd values for Ba.  Similar to Ba, Ra and Sr are 
divalent cations and as shown in Sposito (1989), the sorption affinity for alkaline earth 











).   
 Therefore, breakthrough from the lysimeters containing the suite of gamma 
emitting radionuclides would, conceptually, be consistent with the Kd values listed in 
Table 5.2, where mobility in the system would increase with decreasing values.  
However, there is one inconsistency with the listed values.  Only breakthrough of Co has 
been measured thus far and it would be expected, based on these values, which Cs 
breakthrough should have occurred first or at least in greater quantities than Co.  
Investigations of the soil columns from these lysimeters will provide the necessary data 





Table 5.2:  Partition coefficient (Kd) values for the radionuclides in the lysimeters 
containing the suite of gamma-emitting radionuclides. 




Cs 6 (Grogan et al., 2010) 
60
Co 58 (Grogan et al., 2010) 
152
Eu 9021 (Kaplan et al., 2010) 
133
Ba 80* (Miller, 2010) 
* Value was calculated based on the linear relationship between experimentally determined 








 There was no measurable release of 
239
Pu from the eighteen lysimeters containing 
plutonium during the first year of sample collection.  This is consistent with the currently 
accepted model that plutonium has limited mobility in the subsurface primarily due to 
reduction of mobile Pu(V) to immobile Pu(IV) on mineral surfaces (Kaplan et al., 2004).  
Four lysimeters contain 
237
Np sources and there was no measurable release during the 
first three sampling events.   Breakthrough was first observed during the FY13Q3 
sampling event where lysimeter 30 had a release of 146 Bq from the source.  To date, 
there has been a total of 1598 Bq released from lysimeter 30 corresponding to 2.5% of 
the total activity added in the source (Table 5.3).  The cumulative fraction of Np 
measured in the effluent of lysimeter 30 as a function of cumulative effluent volume 
collected is shown in Figure 5.10.  It is noteworthy that no mobility of neptunium was 
observed in lysimeters 31 and 32 since neptunium was added in the highly immobile 





Table 5.3:  Cumulative release of 
237











Cumulative Fraction of 
Source Measured in 
Effluent (-) 
FY12Q4 572 0 0 0 
FY13Q1 1117 0 0 0 
FY13Q2 2796 0 0 0 
FY13Q3 4829 2.82 (0.01) 149 (0.6) 2.38 x 10
-4
 (1.01 x 10
-5
) 
FY13Q4 5557 38.7 (0.3) 733 (4.9) 1.40 x 10
-2
 (7.84 x 10
-5
) 
FY14Q1 6672 24.6 (0.1) 715 (2.3) 2.54 x 10
-2






Figure 5.10:  The breakthrough of 
237
Np from lysimeter 30 shown as the fraction of activity 
measured in the effluent with respect to the initial activity in the source as a function of 
cumulative water volume collected. 
 
 
 The observed mobility from lysimeter 30 was expected based on the known 
mobility of Np(V) which will be present as the free ion, NpO2
+
, under these conditions.  
In the work by Miller (2010), a Kd value of 9.05 L kg
-1 
















































Cumulative Volume Collected (mL) 
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for Np sorption to SRS subsurface soil.  Based on this Kd value and the Kd values of the 
gamma emitting radionuclides (Table 5.2), the observed breakthrough of Np was 
expected.   The downward migration of Np is controlled by the wetting and drying 
periods in the soil, where transport occurs during the wetting period and is temporarily 
halted during drying.  The transport of Np(V) is strongly dependent on pH, and under the 
conditions in this experiment Np(V) sorption will not be strong enough to further retard 
Np mobility during the cyclic periods (Miller, 2010).  However, breakthrough has not 
been measured from lysimeter 29, which also contains a Np(V) source and has had only 
100 mL less effluent collected from it.  The 2.5% release from lysimeter 30 is a small 
fraction of the total initial activity but is still significant enough to make this discrepancy 
with lysimeter 29 noteworthy.  It is unlikely that there is an additional mechanism that is 
retarding the migration of Np in lysimeter 29 which provides further evidence of the 
variability that inherently exists in these experiments.  A complete summary of the data 
for the lysimeters containing Np and Pu can be found in Appendix D. 
Potential Existence of Experimental Error 
 There is a possibility of the existence of experimental artifacts in the RadFLEx 
study.  The data collected for the following discussion of the Tc distribution in the soil 
columns of lysimeters 8 and 20 revealed the presence of Tc, at concentrations at least an 
order of magnitude above detection limits, in the entire soil column.  Preliminary 
calculations were performed to determine the migration of Tc in the soil column 
assuming saturated conditions and no downward flow.  This calculation was done in 
order to verify that the observed migration of Tc was actually possible.  Using 
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conservative estimates of soil properties, Tc could theoretically diffuse 58 cm both 
upward and downward.  This would be consistent with the measurement of Tc across the 
entire soil column; however, the conceptual movement of water through the column 
includes constant flow because the soil is always allowed to drain.  Therefore, there are 
two possible situations that could have produced this data; 1) the soil column was in fact 
saturated for the entire duration of effluent collection and 2) there was additional 
migration of Tc during the time between capping of the lysimeters and analysis of the soil 
column.   
 The implication of the first situation is that observed migration occurred during 
the active collection time of the lysimeter, but draining of the lysimeter was potentially 
inhibited.  Examination of the soil moisture data collected from the instrumental control 
lysimeters 24 and 37 (Figure 5.11) provides evidence that the maximum and minimum 
values as seen in the data collected from the probe that was in the ground.  The probe 
located 51 cm from the top of the lysimeter (bottom) in lysimeter 24 (Figure 5.11) 
measured a consistent value of approximately 0.20.  The probe in the ground displayed 
more variation corresponding to wetting and drying period which indicates that the 
lysimeter may not have drained properly (Figure 5.12).  Although the composition of the 
soil around the lysimeter facility was not identical to the soil used to pack the lysimeter, 
these data were included to facilitate monitoring the wetting and drying periods that 
occur in the soil.  Additionally, the soil appears to have maintained a higher moisture 
content in the probe located 36 cm from the top of the lysimeter (middle) in lysimeter 37 
(Figure 5.11) which indicates a potential flow problem through the middle portion of the 
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lysimeter.   The data reported in Figure 5.11 was collected between September 2012 and 
October 2012.  The active collection times of lysimeters 8 and 20 occurred from June 
2012 and March 2013.  In order to further verify this assumption, the soil moisture data 
during the active collection times will need to be included.   
 There are several possible causes of restriction of flow in the column.  The first is 
related to the flow through the nylon mesh screen at the bottom of the lysimeters.  The 
porosity of the nylon mesh which may have been sufficiently small to restrict flow thus 
causing pooling of water at the bottom of the soil column.  Additionally, the hydraulic 
conductivity of the soil may be sufficiently low to not allow the bottom section of the soil 
column to drain.  Furthermore, after the maximum soil moisture content was reached, it is 
possible that the hydrology of the soil was altered where the retention time of the soil 
became high enough to allow for the consistent soil moisture levels observed in Figure 
5.11.  A prototype experiment was also performed at Clemson University observing the 
transport of nanoparticles in field lysimeters of equal dimensions.  The soil used to pack 
the lysimeters in the RadFLEx study was used it the prototype experiment at Clemson  
An instrumental control was fitted with similar measurement probes and is shown in 
Figure 5.13.  A similar indication of a constant moisture content level in the probe 
measuring the bottom of the lysimeter is also seen.  Also, similarly to the findings thus 
far in the RadFLEx study, there was a high variability in the amount of water collected 
from each of the six lysimeters in the study at Clemson University.  The observed 
variability in water collected from lysimeters that are located approximately 3 feet from 




Figure 5.11:  Soil moisture content data collected from the instrumental control lysimeters number 24 and 37.  The data shown for 
lysimeter 37 was collected from September 2012 through November 2012.  (Top) Data collected from the Decagon 5TM probe 
placed 20 cm from the top of the lysimeter.  (Middle) Data collected from the Decagon 5TE probe placed 36 cm from the top of the 






























Figure 5.12:  Soil moisture content data collected from the probe placed in the ground near the lysimeter facility.  The data shown 

































Figure 5.13:  Soil moisture data obtained from a prototype lysimeter experiment at Clemson 
University.  Data was collected from March 2013 through April 2014.  The data shown in 
the figure was collected from May 2013 through September 2013.   
 
 
 The time between capping the lysimeters and when the analysis was performed 
may provide the best explanation for the observed transport.  Approximately 1.25 years 
passed (457 days for lysimeter 20 and 429 days for lysimeter 8) between the removal of 
the lysimeters from the experiment and the start of the analysis of the soil columns.  This 
amount of time could have allowed for additional migration of Tc that did not occur 














artifact.  The calculations mentioned in the previous text that determined that anomalous, 
non-Darcian diffusion of Tc may have occurred under stop flow conditions and may 
describe the behavior of Tc in the soil column during this period.  Unfortunately, the 
implications of this theory are that the observed migration is not completely 
representative of the behavior of Tc during the active collection period and would most 
definitely provide evidence of an experimental artifact.  
 Additional support for the theoretical concept of additional migration in a soil 
column following an intermediate field transport study are the lysimeter studies 
examining; plutonium transport (Kaplan et al., 2004, 2006 and Demirkanli et al., 2008) 
and strontium (Sr) transport (Kaplan et al., 2014) from a glass waste form.  The 
concentration relative to the concentration of the measured concentration where the 
source was found is plotted as function of the distance from the source (in cm) for all of 
the lysimeters in the works by Kaplan et al. (2004, 2006, 2007) and Kaplan et al. (2014), 
including the analysis of lysimeters 8 and 20, and is shown in Figure 5.14.  There appears 
to be a trend related to both the time between active collection time and analysis 
associated with the observed migration.  In the work summarized in Kaplan et al (2004, 
2006) and Demirkanli et al. (2008) soil cores were obtained in 1989, but analysis was not 
performed for at approximately 10 years (Kaplan et al., 2003).    Analysis of the soil 
column indicated that >95% of all of the Pu in each lysimeter was found within 1.25 cm 
of the source (Kaplan et al., 2004).  The observed migration above the source was 
modeled assuming root uptake (Demirkanli et al., 2008).  However, this did not capture 
all of the observed upward migration.  In the work investigating Sr transport using 
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lysimeters (Kaplan et al., 2014), there was also observed migration above the source.  
The active collection time of the lysimeter was 24 years, with cores acquired after 11 
years of collection time and data collected after storage of the cores in a 16°C for 13 
years.  This movement was described using Darcian diffusion in a simplified modeling 
approach.  The best fit of the data assumed a Kd = 32 ml g
-1
 (Kaplan et al., 2004).   
Assuming a Kd  of 0 mL g
-1
 of Tc to Fe (hydr)oxides at pH = 6.1 (Li and Kaplan, 2012), a 
trend incorporating the sorption affinity and contact time after active collection time can 
be used to visualize the observed upward migration in these systems.  Though there are 
no studies that can verify the mechanism that verified these observations, anomalous, 





Figure 5.14:  Compilation of the data collected from field lysimeter studies in the works by 
Kaplan et al. (2004, 2006) and Demirkanli et al. (2008, 2009) examining Pu transport, 
Kaplan et al. (2014) examining Sr transport, and the RadFLEx study of Tc transport. 
 
  
  The theories explained in the previous discussion were carefully considered 
during the examination of the results reported from the analysis of the soil columns from 
lysimeter 8 and 20.  Therefore, the discussion will only include observations that were 
made.  Any further conclusions made from the data will need to be verified through 




































Tc Saltstone (lys 8)




Tc Distribution in the Soil Profile (Lysimeters 8 and 20) 
 The lysimeters containing Tc amended sources (lysimeter numbers 7, 8, 19, and 
20) were capped and removed from the RadFLEx facility after the FY13Q2 sampling 
events (lysimeter 20 was removed after the FY13Q1 sampling event).  As discussed 
previously, total breakthrough from these lysimeters ranged from 10 – 58%.  It was 
important that the lysimeters be capped so that the soil and source could be analyzed.  
The distribution of 
99
Tc in lysimeter 20 and lysimeter 8 are shown in Figure 5.15.  The 
concentration of 
99
Tc was normalized to the mass of soil in each core and is shown as a 
function of distance from the source.  Relative to the total Tc initially in the source, 
approximately 24.7% of the Tc was in the soil below the source with concentrations 
between 425 and 1408 Bq g
-1
 in lysimeter 20.  Interestingly, vertical movement of Tc 
above the source was also observed. Approximately 12.0% of the total initial Tc was 
measured in the soil above the source with concentrations ranging between 17 and 830 
Bq g
-1
. Relative to the amount of Tc within the soil profile (i.e. excluding the source and 
effluent), 65.0% was below source, 31.7% was above the source and 3.30% remained in 
the 2.5 cm core where the source was located.  A summary of the distribution of the Tc in 





Table 5.4:  Fraction of 
99
Tc measured in the soil column above the source, in the 2.5 cm of 
soil where the source was located, and in the soil column below the source, relative to the 
total 
99
Tc measured in the soil.  Value in parenthesis represents total activity measured in 
the soil at the conclusion of the experiment. 
 Lysimeter 8 (1.24 MBq) Lysimeter 20 (3.67 MBq) 
Above 0.621 0.317 
At 0.026 0.033 
Below 0.353 0.650 
 
 
Figure 5.15:  The distribution of 
99
Tc in lysimeters 8 and 20 shown as a function of distance 
from the source (cm).  The 
99
Tc concentration is normalized to the mass of soil in each soil 





































 The distribution of 
99
Tc in lysimeter 8 was significantly different from lysimeter 
20.   Relative to the total Tc initially in the source, approximately 4.6% of the total Tc 
measured in the soil was located below the source with a range of concentrations of 66 – 
241 Bq g
-1
 while 8.1% of the total Tc measured in the soil was located above the source 
with a range of concentrations of 12 – 520 Bq g
-1
.  Relative to the amount of Tc within 
the soil profile (i.e. excluding the source and effluent), 35.3% was below source, 62.1% 
was above the source and 2.6% remained in the 2.5 cm core where the source was located 
(Table 5.4).  It is important to note that the total activity in the lysimeter 8 soil was 1.24 
MBq while the total activity in lysimeter 20 was 3.67 MBq.  
 Though the fraction of Tc located above the source in both lysimeters is different, 
there appears to be increased activity at 3 inches above where the source was placed.  The 
differences in the Tc distribution below the source are more defined.  The concentration 
of Tc in lysimeter 8 decreases with depth to about 5 inches below the source and has little 
variance below that point.  The concentration of Tc in lysimeter 20 decreases 
immediately below the source and then increases with depth until the bottom of the 
lysimeter where there an increase in concentration by a factor of two.   
 Another important discovery was the increased activity measured on the nylon 
mesh filter and polypropylene grid.  During the coring process, the 4” to 2” reducer was 
removed first, leaving the still attached polypropylene grid exposed.  An activity 
measurement using a GM counter was made 1” from the grid.  An image of the grid and 
mesh from lysimeter 8 is shown in Figure 5.16 after being removed from the bottom of 
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the PVC piping.  The surface showing is the polypropylene grid.  The nylon mesh was 
attached to the bottom of the surface shown.  The count rates on the grids of lysimeters 8 
and 20 were 10000 and 8000 cpm, respectively.  However, measuring the activity in the 
soil at the bottom of lysimeter 8 with a GM counter revealed a count rate of only 600 
cpm.  It was apparent that there was significant activity captured in the mesh and grid.   
GM counter measurements of 42000 cpm and 10000 cpm were made on the Nylon mesh 
and polypropylene grid, respectively, from lysimeter 8. Similar measurements were not 
made during processing of lysimeter 20. If efficiency corrections are made to the GM 
measurements made on the mesh and filter, the resulting activity would not represent a 
significant fraction (estimated to be less than 1%) of the total activity in the system.   
 
 
Figure 5.16:  Image of the nylon mesh/grid that was removed from lysimeter 20.  The 




However, this discovery is important for two reasons.  The first is the contribution 
to accumulation of Tc in the bottom of the lysimeter.  As previously mentioned, there 
was a sharp increase in activity concentration in the bottom 1.875 inches of soil of 
lysimeter 20.  Though this was not observed in the distribution in lysimeter 8, the 
apparent sorption capacity of the nylon mesh and subsequent pooling of Tc in the bottom 
of the lysimeter could have contributed to this increased activity.  The second implication 
is with regard to the other lysimeters. It may be reasonably assumed that if Tc sorbs to the 
nylon mesh then other radionuclides may also sorb which could influence the effluent 
concentrations. However, Tc is predominantly present as the anion TcO4
-
 which implies 
the nylon mesh carries a positive surface charge. If this is the case, then the effects of the 
nylon would be negligible on the migration of other lysimeters since the other 
radionuclides in this experiment will exist as positively charged ions in the given 
conditions.  Alternatively, if the reduction of Tc(VII) to Tc(IV) in the presence of the 
nylon is the controlling mechanism, then it is possible that migration of radionuclides 
such as the mobile Np(V) could be retarded. There is no known reduction capacity of 
nylon, indicating that the former hypothesis is likely correct.  
Source Analyses 
Visual Inspection 
Upon removal from the lysimeter, the sources from lysimeters 8 and 20 were 
examined.  An image of the source from the cement control lysimeter 2 is shown in 
Figure 5.17 because the resolution of the images taken through the glove bag was too 
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low.  The sources were stored in an anaerobic chamber until analysis.  After the final 
subsample was acquired from the fourth radial drill into the lysimeter 8source, the source 
split into two pieces. The images of both halves of the lysimeter 8 source are shown in 
Figure 5.18.  Inspection of both halves revealed no significantly large fractures.  
However, there were air pockets, some on the order of a millimeter in diameter.  These 
air pockets were likely created during the formation of the source and would not facilitate 
additional diffusion of Tc out of the source.  There is a visual evidence of two distinct 
regions in the source; an “inner core” that comprises of most of the visible surface and a 
“rind” that surrounds the inner core and is about a millimeter in thickness.  It is expected 
that the inner core contains a higher concentration of Tc that is in the reduced Tc(IV) 
state. This has been qualitatively demonstrated as well using the computational 
approaches discussed below.  This inner core is made up of several different colors, most 
notably a dark purple and green.  The dark purple color constitutes the inner section 
which spans approximately half of the total length of the source.  The green color makes 
up the remainder of the inner core and has been previously associated with reducing 
zones in saltstone samples (Estes et al., 2011).   The rind that surrounds the inner core is 
additional qualitative visual verification of the shrinking core model.  The similarity in 
color between the rind and the surface of the source, where oxidation is assumed to have 





Figure 5.17:  Images of the source from the lysimeter 2 which contained the radionuclide 
free cement control, taken immediately after coring.  (Top) The surface shown faced the top 
of the lysimeter.  (Bottom) The surface shown faced the bottom of the lysimeter.   (Note:  
Images of the lysimeter 8 and 20 sources were not included because it was difficult to obtain 






Figure 5.18:  Images of the lysimeter 8 source.  The source was split while drilling. Thus to 
preserve the potential reducing capacity, the source was immediately transferred to an 




These indents in the source material were 
created as a result of the drilling process. 
Dark green coloring 







 The lysimeter 20 source was also split in half for analysis.  The images of both 
halves of the lysimeter 20 source are shown in Figure 5.19.  Inspection of both halves 
prior to the drilling process revealed no significantly large fractures or pores.  After 
drilling the inside surface appeared to be generally homogenous.  The color of the inside 
of the source was a homogenous dark grey color with the exception of a dark purple color 
in one section.   There is a clear difference in color between the inside and surface of the 
source that either verifies the shrinking core model or is an indication of residual 
moisture present in the source.  The lysimeter 20 source had a shorter active collection 
time than lysimeter 8 and likely retained the greatest amount of Tc relative to the 





Figure 5.19:  Images of the lysimeter 20 source.  The lysimeter 20 source was stored in an 









 The analysis of the sources from lysimeter 8 and 20 has given new insight into 
understanding of the release of 
99
Tc from cementitious materials.  Calculations were 
performed using the data from subsamples drilled from each source to 1) estimate the 
total fraction of Tc remaining in the source and the distribution of the remaining Tc in the 
source and 2) provide a qualitative visualization of the Tc spatial distribution based on 
the data and interpolation between data points.  The total activity remaining in the two 
sources was estimated using the activity measurements of the subsamples drilled from the 
sources.  First the activity concentrations per unit mass of the drilled subsamples were 
calculated.  Then the average of the activity concentrations was calculated and used to 
represent the activity concentration of the entire source.  Multiplying these concentrations 
by the total mass of the source (16 grams) and dividing by the initial activity in the 
system yielded the estimated fraction of initial activity remaining in the source.  The 
values representing the fraction of initial activity measured in the effluent and soil and the 
estimated fraction remaining in the source, for both lysimeters, are summarized in Table 
5.5.  The Tc mass balances for each system (effluent, soil, and source) calculated using 
this method were 96.5% from lysimeter 8 and 65.6% from lysimeter 20.  The low 
recovery from the complete analysis of lysimeter 20 was the exclusion of the activity that 
was potentially lost to overflow.  Significant overflow was produced from lysimeter 20 
after approximately 7 months of collection time.  Activity in the overflow was detected 
during screening of the RadFLEx facility; however, no quantitative analysis of Tc 
concentration in the overflow was performed.  However, the screening indicated high 
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enough losses to overflow that prompted the capping and removal of lysimeter 20 from 
the experiment. 
 
Table 5.5:  Recovery of 
99
Tc from lysimeters 8 and 20 based on the effluent measurements, 











































0.400 0.14 < 0.01 65.6 
 
 
 A qualitative visual model representation of the Tc distribution remaining in the 
sources was rendered using MATLAB.  Development of the model required defining 
discrete activity concentrations based on the measurements of the drilled subsamples.  
The activity concentrations were defined over the volume of the drilled subsamples and 
defined at the actual drilling depths (Appendix F) in a 3-dimensional (3-D) grid 
representing the cylindrical dimensions (diameter of 3.18 cm and 1.27 cm height) of the 
sources.  The linear interpolation command, which uses a linear relationship between 
defined activity concentrations to estimate the activity of the unknown volume, was used 
to calculate the concentration in the remaining volume of the model.   The 3-D 





Figure 5.20:  Top) 3-D render of the lysimeter 8 source generated in MATLAB.  Bottom) 3-




 Additionally, the MATLAB software can generate 2-dimensional (2-D) splice 
plots of the Tc distribution on a desired plane.  Since the sources were broken in half, 2-D 
plots were generated that are representative of the visual surface where the breaks were 
generated. The 2-D plots for lysimeter 20 and 8 are shown in Figures 5.21 and 5.22, 
respectively.  The x- and y-axes in the plots are scaled to represent the actual dimensions 
of the source.  It must be noted that both the 3-D and 2-D representations are meant to 
provide a strictly qualitative visualization of the Tc distribution remaining in the source.  
Without further development of the model, any quantitative inferences about the 
distribution of Tc cannot be supported. 
 
 
Figure 5.21:  2-D splice plot representing the center of the lysimeter 20 source.  This 




   
 
 
Figure 5.22:  2-D splice plot representing the center of the lysimeter 8 source.  This 












CONCLUSIONS AND FUTURE WORK 
 This research contains a complete database of the effluent from the Savannah 
River Site RadFLEx lysimeters for the first six sampling events (1.5 years of effluent 
collection).  There has been significant breakthrough of 
99
Tc from the lysimeters 
containing the 
99
Tc cement and saltstone sources with breakthrough of 10-58% of the 
initial activity measured in the effluent.  There has also been measurable breakthrough 
from the lysimeter 30 which contains a Np(V) source.  The cumulative activity measured 
in the effluent corresponds to 2.5% of the source activity.  However, breakthrough has 
not been measured from the other lysimeter containing a Np(V) source (lysimeter 29).   
The discrepancy in breakthrough from these two lysimeters is evidence of the variability 
inherent to the RadFLEx study.  Both lysimeters contain a Np(V) source and mechanisms 
that would retard migration should not exist in one lysimeter and not in another.  If no 
breakthrough from lysimeter 29 continues for an extended duration of the study, then it 
will be necessary to perform analysis of the soil column to identify any possible 
explanation for this occurrence.  There has been no release from the other lysimeter (29) 
containing a Np(V) source and no release from either of the two lysimeters containing 
Np(IV) sources. This observation is consistent with the greater mobility of Np(V) relative 
to Np(IV). It is noteworthy that there is a correlation between Tc breakthrough with the 
volume of water passed through each lysimeter. As transport in water is the primary 
mechanism mobilizing these ions, this is somewhat expected. However, the direct 
correlation between Tc release and water content, regardless of the nature of the Tc 
75 
 
source, demonstrates the vast importance of properly monitoring infiltrating water 
volumes. This is particularly important due to the observed variability in water content 
between the lysimeters.  
Breakthrough has also been measured from lysimeters containing the suite of 
gamma emitting radionuclides.  The cumulative breakthrough from the cement gamma 
suites is approximately one order of magnitude greater than the breakthrough from the 
lysimeters containing the saltstone gamma suites.  Thus unlike the Tc lysimeter sources, 
the nature of the source appears to have a significant impact. The primary difference in 
the two source compositions (cement versus saltstone) is the presence of reducing BFS 
which is 45% of the solid phase in saltstone. However, since redox reactions are not 
expected to be a significant influential factor in any of the gamma suite radionuclides, it 
is hypothesized that the difference in the nature of fractures and porosity between cement 
and saltstone sources is a primary factor. As shown in Figures 5.18 and 5.19, there are 
differences in the physical character of the cement and saltstone sources. The 
breakthrough from the lysimeters containing the gamma emitting radionuclides added 
directly to the soil has been negligible. It is unclear at this point why this is the case and 
further investigation is needed. There has been no measurable breakthrough from any of 
the lysimeters containing Pu sources which is consistent with data from previous 
lysimeter experiments (Kaplan et al., 2004, 2006, 2006, 2007). 
 Further investigation of the Tc breakthrough was accomplished through analysis 
of the soil concentrations and source concentrations of Tc in two of the lysimeters 
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(lysimeters 8 and 20). The total activity remaining in the soil of lysimeter 8 was 1.24 
MBq compared to 3.67 MBq in the soil of lysimeter 20.  This discrepancy is likely due to 
the differences in collection times and cumulative effluent collected from each of the 
lysimeters.  Lysimeter 8 was allowed to collect water for 5 months longer than lysimeter 
20, during which lysimeter 8 collected over 2 L of water more than lysimeter 20. 
 The existence of experimental artifacts must be considered when discussing the 
distribution of Tc in soil columns.  The soil moisture content measurements made in the 
instrumental control lysimeter s 24 and 37 indicate that there was a constant saturation 
level that was reached in the lower third of the soil column.  This data may be evidence 
that the soil column was not able to drain properly and thus contributed to the upward 
migration of Tc.  The time between capping and analysis of both lysimeters 8 and 20 is 
also very important.  The possibility that anomalous non-Darcian diffusion of Tc 
occurred with a constant soil moisture content for the duration of the storage time would 
suggest that the observed behavior occurred did not completely occur during the active 
collection times of the columns.  Further investigation of this observation must be 
performed before any claims can be made regarding the analyses of the soil columns. 
 Analysis of the sources from lysimeters 8 and 20 were used to determine the 
activity remaining in the source and provided a qualitative representative of distribution 
of Tc. The estimated recoveries including the estimations of total activity remaining the 
source were 96.5% from lysimeter 8 and 65.6% from lysimeter 20.  The 2-D and 3-D 
plots generated in MATLAB were very useful tools for visualizing the distribution of Tc 
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remaining in the sources, however further development of the model used to build these 
plots will be necessary before any quantitative information can be inferred from these 
plots. 
 The Tc cement and saltstone sources were also cut open to allow for visual 
inspection with the objective of looking for any additional verification of the shrinking 
core model.  The source from lysimeter 20 had very few distinguishing features which is 
most likely due to its composition (45% BFS, 45% fly ash, 10% cement).  The visual 
inspection of the cement (100% cement) source from lysimeter 8 provided much more 
information.  There was a distinct inner core that could be differentiated from the 
surrounding material.  Within this inner core, there were several different regions noted 
as having purple and green coloration.  In previous studies, the dark green color has been 
attributed to reducing environments within saltstone (Estes et al., 2011).  Another 
possibility is that the different colors were caused by moisture trapped inside of the 
source.  Further verification will be needed in order to verify either of these hypotheses.   
 Additional work will need to include the analyses of the other two lysimeters 
containing 
99
Tc and stable I sources.  Verification of the distribution of Tc measured 
within the soil columns of lysimeter 8 and 20 with the other two replicate lysimeters (7 
and 19) is necessary to confirm that migration was universal in all of the columns.  
Performing a study replicating the volume of water passing through soil columns with 
identical sources with analysis of the soil column immediately after capping would 
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provide the necessary evidence needed to verify or refute the data collected in the 
RadFLEx study. 
 Analysis of the sources from both lysimeters will also be beneficial.  The use of 
an alternative sampling procedure with greater spatial resolution may be required.  The 
code used in the MATLAB simulations, while informative will also need to be enhanced 
in order to include interpolation that can approximate the expected diffusion of Tc.  The 
development of a forward model can simulate transport and verify the current results.  
Multiple iterations of the model and alteration of the initial parameters were required 
until the model produced the expected results.  Such an iterative procedure fitting higher 
resolution data could help yield a diffusion term that could be useful in modeling the 
release from lysimeter 7 and 19. 
 The data from the first year and a half of effluent collection has provided valuable 
information pertaining to radionuclide transport in the vadose zone. Many of the existing 
conceptual models for the transport of various radioisotopes were supported.  However, 
the data has also created the need for additional analyses including investigation of soil 
profile and sources in the lysimeters containing the gamma suites, development of a 
geochemical transport model for the Np transport in lysimeter 30 and Tc transport in 
lysimeters 8 and 20, and investigation of the sorption capacity of the nylon mesh used as 
the filter in the bottom of the lysimeter.  RadFLEx was designed for the removal of one 
lysimeter from each of the sets of gamma emitting suites and Pu lysimeters after 2, 4, and 
10 years and one of the lysimeters from the set of Np lysimeters after 5 and 10 years.  
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The analyses will be very beneficial, especially in helping to explain the breakthrough 
from the lysimeters containing the gamma emitting suite of radionuclides.  Geochemical 
transport models using the coupled Phreeqc - Hyrdrus 1-D (HP-1) will be the best option 
for development of a relatively simple model of Np and Tc transport.  This program is 
capable of using the code created in PHREEQC for 1-D flow in saturated conditions and 
inputting additional parameters in Hydrus 1-D that can modify the simulations for 
unsaturated conditions.  It could be very effective in simulating the transport in the 
RadFLEx lysimeters.  Finally, in order to quantify the amount of Tc sorbed to the nylon 
mesh, a small amount of the filter can be removed and analyzed for Tc concentration.  
From the activity measurements using the GM counter, the contribution to the overall 
mass balance in these systems is not significant but it will still be interesting to 
investigate the properties of this nylon i.e. surface charge, so that this phenomena can be 






























Supplemental Materials and Methods 
Figure A.1:  Datasheet for Instrument Calibration Documentation for FY12Q4 Sampling 
Interval 
 Identification number for linking 
calibration data to sample measurements 
(Format: Month-Year-Labbook Number-
Labbook page, where month and year are 
month and year of sample receipt from 
SRS). 
11-12-1-2 
Date of Sample Receipt from SRS 11/06/2012 
Description of 
152
Eu gamma spectroscopy 
standard (date of preparation, total 
activity, total volume, vessel) 
11/14/12, 10.03 kBq/L, 45mL, 50mL conical 
centrifuge tube 
Gamma spectrometer ID   HPGe (Model: GC4018, SN: 1933074) 
Filename of gamma spectroscopy 
standard measurement 
152Eu_std(HPGE6)_01112013 
Filename of gamma spectroscopy 
background measurement 
HPGE6_Background_111212 











Figure A.2: Datalog sheet for Lysimeter 2 – FY12Q4 
 
Lysimeter number 2 
Sample ID 100412L2 
Date of sample collection at SRS 10/04/2012 
Date of sample receipt from SRS 11/06/2012 
Date of sample being prepared for 
analysis by Clemson 
11/11/2012 
Date of analysis at Clemson 11/11/2012 (pH,DO), 11/16/2012 (HPGe) 




Sample pH: 6.73 
Sample Dissolved Oxygen 
Concentration (mg/L): 
7.90 
Mass of solution plus bottle (g) 653.11 
Mass of solution subtracting average 
mass of collection bottles  (g) 
398.82 
  
Estimated volume of solution removed 
for sample archiving (mL) 
- 
Archived sample ID: - 
  
  
Gamma detector ID used for analysis: HPGe (Model: GC4018, SN: 1933074) 






Summary of Data for Lysimeters containing 
99
Tc and Stable Iodine 
Table B.1: Summarized Data for the lysimeters containing 
99
Tc and stable iodine from the 
FY12Q4 sampling interval. 
Sample Interval:  FY12Q4 
Date Sample taken @ SRS:  10/04/2012 
Date Sample Analyzed/Prepared at Clemson University:  04/17/2013 






or ppm for I) 
Lysimete
r number 
Constituent(s) Sample ID pH DO 




7 Cement Tc & I 121004-7-S 5.39 7.40 462.88 906202 0.0224 
8 Cement Tc & I 121004-8-S 6.20 7.60 339.29 307423 < MDC 
19 Saltstone Tc & I 121004-19-S 5.15 7.70 337.15 500237 < MDC 
20 Saltstone Tc & I 121004-20-S 6.40 7.70 260.03 879884 < MDC 




Table B.2:  Summarized Data for the lysimeters containing 
99
Tc and stable iodine from the 
FY13Q1 sampling interval. 
Sample Interval:  FY13Q1 
Date Sample taken @ SRS:  01/09/2013 
Date Sample Analyzed/Prepared at Clemson University:  04/17/2013 






or ppm for I) 
Lysimeter 
number 
Constituent(s) Sample ID pH DO 




7 Cement Tc & I 130109-7-S 4.70 7.70 498.93 3456660 0.0104 
8 Cement Tc & I 130109-8-S 4.87 7.70 596.23 3646757 < MDC 
19 Saltstone Tc & I 130109-19-S 4.59 7.50 406.54 3564398 < MDC 
20 Saltstone Tc & I 130109-20-S 4.70 7.40 231.36 3335746 < MDC 






Table B.3:  Summarized Data for the lysimeters containing 
99
Tc and stable iodine from the 
FY13Q2 sampling interval. 
Sample Interval:  FY13Q2* 
Date Sample taken @ SRS: 02/12/2013 and 03/07/2013 
Date Sample Analyzed/Prepared at Clemson University:  
05/09/2013 










Constituent(s) Sample ID pH DO 




7 Cement Tc & I 130212-7-S 4.77 8.20 709.97 2472342 0.0091 
7 Cement Tc & I 130307-7-S 4.89 8.10 1111.09 738894 BLD< MDC 
8 Cement Tc & I 130212-8-S 4.95 8.40 771.17 2661447 < MDC 
8 Cement Tc & I 130307-8-S 4.98 8.30 959.33 836698 < MDC 
19 Saltstone Tc & I 130212-19-S 4.57 8.10 188.99 2910442 < MDC 
19 Saltstone Tc & I  130307-19-S 4.71 7.90 285.99 1015858 < MDC 
*Samples for lysimeter 20 from the FY13Q2 sampling interval were not received 
























Table C.1:  Summarized data for the lysimeters containing gamma emitting radionuclides from the FY12Q4 sampling interval 
Sample Interval:  FY12Q4 
Date Sample taken @ SRS:  10/04/2012 
Date Sample Analyzed/Prepared at Clemson University:  11/11/2012* 
Total Activity in Effluent (Bq) 
Lysimeter 
number 
Constituent(s) Sample ID pH DO 
Vol. measured @ Clemson Univ. 
(mL) 
137Cs** 60Co** 133Ba** 152Eu** 
2 Cement Control 100412L2 6.73 7.90 398.82 < MDC < MDC < MDC < MDC 
3 Cement Control 100412L3 6.67 8.00 76.70 < MDC < MDC < MDC < MDC 
4 Cement Gamma Suite 100412L4 6.57 8.20 296.00 < MDC 14 (0.3) < MDC < MDC 
5 Cement Gamma Suite 100412L5 7.01 8.00 338.81 < MDC 54 (0.60) < MDC < MDC 
6 Cement Gamma Suite 100412L6 5.72 8.10 323.27 1.0 (0.02) 20 (1.3) < MDC < MDC 
14*** Saltstone Control - - - - - - - - 
15 Saltstone Control 100412L15 6.21 8.00 412.71 < MDC < MDC < MDC < MDC 
16 Saltstone Gamma Suite 100412L16 7.27 8.00 326.78 < MDC 2 (0.4) < MDC < MDC 
17 Saltstone Gamma Suite 100412L17 5.02 8.00 391.00 1.0 (0.02) 16.0 (1.15) < MDC < MDC 
18 Saltstone Gamma Suite 100412L18 5.55 8.20 340.50 1.0 (0.02) 16 (1.3) < MDC < MDC 
25 Sediment Control 100412L25 6.54 7.90 414.16 < MDC < MDC < MDC < MDC 
26 Gamma Suite 100412L26 6.57 7.90 379.61 < MDC 1.0 (0.46) < MDC < MDC 
27 Gamma Suite 100412L27 6.61 7.80 373.06 < MDC 2.0 (1.4) < MDC < MDC 
28 Gamma Suite 100412L28 6.18 7.90 451.12 1.0 (0.02) < MDC < MDC < MDC 
*Date of pH and DO measurements.  Samples were counted between 11/16/2012 – 2/07/2013. 
**Error measurements (±) for 
137
Cs were calculated using counting statistics assuming a 92% confidence in the error associated 






Eu is the standard deviation of the activity measurements 
determined from characteristic peaks for each isotope. 
***-DNR(-): Data not available because the sample was not received 






Figure C.1: HPGe (Model: GC4018, SN: 1933074) efficiency curve used for analysis of samples from FY12Q4 sampling interval 
determined from counting 45 mL of a 
152






y = 0.0069x-0.658 





















Table C.2:  Summarized data for the lysimeters containing gamma emitting radionuclides from the FY13Q1 sampling interval 
Sample Interval:  FY13Q1 
Date Sample taken @ SRS:  01/09/2013 
Date Sample Analyzed/Prepared at Clemson University:  04/02/2013* 
 
Total Activity in Effluent (Bq) 
Lysimeter 
number 
Constituent(s) Sample ID pH DO 










2 Cement Control 130109-2-S 4.95 7.40 519.96 < MDC < MDC < MDC < MDC 
3 Cement Control 130109-3-S 5.57 7.40 295.95 < MDC < MDC < MDC < MDC 
4 Cement Gamma Suite 130109-4-S 4.95 7.70 410.53 24 (0.4) 77 (0.9) < MDC < MDC 
5 Cement Gamma Suite 130109-5-S 5.78 7.80 513.08 4.0 (0.09) 1.0 (1.13) < MDC < MDC 
6 Cement Gamma Suite 130109-6-S 4.73 7.60 533.85 4.0 (0.07) 484 (9.9) < MDC < MDC 
14 Saltstone Control 130109-14-S*** - - 22.22 - - - - 
15 Saltstone Control 130109-15-S 4.78 7.30 568.6 < MDC < MDC < MDC < MDC 
16 Saltstone Gamma Suite 130109-16-S 4.53 7.30 444.35 < MDC < MDC 1.0 (0.27) < MDC 
17 Saltstone Gamma Suite 130109-17-S 4.61 7.60 571.54 1.0 (0.01) < MDC < MDC < MDC 
18 Saltstone Gamma Suite 130109-18-S 4.72 7.60 520.83 < MDC 38.0 (12.9) < MDC 1 (2.5) 
25 Sediment Control 130109-25-S 5.51 7.50 180.25 < MDC < MDC < MDC < MDC 
26 Gamma Suite 130109-26-S 5.26 7.50 325.00 < MDC < MDC 1 (1.1) < MDC 
27 Gamma Suite 130109-27-S 5.50 7.70 451.44 < MDC 2 (0.7) < MDC < MDC 
28 Gamma Suite 130109-28-S 5.32 7.80 510.07 < MDC 1.0 (0.6) < MDC < MDC 
*Date of pH and DO measurements.  Samples were counted between 5/03/2013 – 5/18/2013. 
**Error measurements (±) for 
137
Cs were calculated using counting statistics assuming a 92% confidence in the error associated 






Eu is the standard deviation of the activity measurements 
determined from characteristic peaks for each isotope. 
***Insufficient volume for measurement. Therefore, data are not reported. 





Figure C.2:  HPGe (Model: GC4018, SN: 1933074) efficiency curve used for analysis of samples from FY13Q1 sampling interval 
determined from counting 45 mL of a 
152
Eu standard in a 50 mL conical centrifuge tube. 
  
y = 0.0062x-0.674 
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Table C.3:  Summarized data for the lysimeters containing gamma emitting radionuclides from the FY13Q2 sampling interval 
Sample Interval:  FY13Q2 
Date Sample taken @ SRS:  03/07/2013 
Date Sample Analyzed/Prepared at Clemson University:  05/07/2013* 
 
Total Activity in Effluent (Bq) 
Lysimeter 
number 
Constituent(s) Sample ID pH DO 
Vol. measured @ Clemson Univ. 
(mL) 
137Cs 60Co 133Ba 152Eu 
2 Cement Control 130307-2-S 5.19 7.80 1773.21 < MDC < MDC < MDC < MDC 
3 Cement Control 130307-3-S 4.88 8.10 1371.43 < MDC < MDC < MDC < MDC 
4 Cement Gamma Suite 130307-4-S 4.90 7.80 1467.93 < MDC 548 (21.6) < MDC < MDC 
5 Cement Gamma Suite 130307-5-S 5.25 7.90 1721.21 < MDC 1293 (23.97) 0.02 (0.03) < MDC 
6 Cement Gamma Suite 130307-6-S 4.94 7.70 1601.21 < MDC 772 (48.5) < MDC < MDC 
14 Saltstone Control 130307-14-S 4.74 8.00 1069.04 < MDC < MDC < MDC < MDC 
15 Saltstone Control 130307-15-S 5.18 7.80 1517.73 < MDC < MDC < MDC < MDC 
16 Saltstone Gamma Suite 130307-16-S 4.88 8.10 1366.82 < MDC 27 (6.7) < MDC < MDC 
17 Saltstone Gamma Suite 130307-17-S 5.04 8.10 1680.71 < MDC 204 (1.15) 0.65 (1.13) < MDC 
18 Saltstone Gamma Suite 130307-18-S 5.13 7.90 1654.71 < MDC 82 (4.3) 1.91 (2.54) < MDC 
25 Sediment Control 130307-25-S 5.80 7.50 309.60 < MDC < MDC < MDC < MDC 
26 Gamma Suite 130307-26-S 5.18 7.70 1156.38 < MDC < MDC < MDC < MDC 
27 Gamma Suite 130307-27-S 5.22 7.90 1490.40 < MDC < MDC < MDC < MDC 
28 Gamma Suite 130307-28-S 5.27 8.00 1360.09 < MDC < MDC < MDC < MDC 
*Date of pH and DO measurements.  Samples were counted between 5/21/2013 – 6/25/2013. 
**Error measurements (±) for 
137
Cs were calculated using counting statistics assuming a 92% confidence in the error associated 






Eu is the standard deviation of the activity measurements 
determined from characteristic peaks for each isotope. 





Figure C.3:  HPGe (Model: GC4018, SN: 1933074) efficiency curve used for analysis of samples from FY13Q2 and FY13Q3 
sampling intervals determined from counting 45 mL of a 
152
Eu standard in a 50 mL conical centrifuge tube. 
 
  
y = 0.0069x-0.639 
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Table C.4:  Summarized data for the lysimeters containing gamma emitting radionuclides from the FY13Q3 sampling interval 
Sample Interval:  FY13Q3 
Date Sample taken @ SRS: 06/11/2013 and 06/17/2013 
Date Sample Analyzed/Prepared at Clemson University:  07/01/2013* 
Total Activity in Effluent (Bq) 
Lysimeter 
number 
Constituent(s) Sample ID pH DO 
Vol. measured @ Clemson Univ. 
(mL) 
137Cs** 60Co** 133Ba** 152Eu** 
2 Cement Control 130617-2-S 5.22 8.50 2041.21 < MDC < MDC < MDC < MDC 
3 Cement Control 130617-3-S 5.15 8.00 2040.21 < MDC < MDC < MDC < MDC 
4 Cement Gamma Suite 130617-4-S 3.94 8.00 1632.71 < MDC 409 (4.84) < MDC < MDC 
5 Cement Gamma Suite 130617-5-S 4.03 8.01 2050.21 9 (0.2) 4625 (21.23) 2.0 (0.0) 6.0 (6.3) 
6 Cement Gamma Suite 130617-6-S 3.65 8.10 1254.21 < MDC 1379 (1.91) < MDC < MDC 
14 Saltstone Control 130611-14-S 4.82 8.10 2001.21 < MDC < MDC < MDC < MDC 
15 Saltstone Control 130611-15-S 5.53 8.30 1994.71 < MDC < MDC < MDC < MDC 
16 Saltstone Gamma Suite 130611-16-S 4.97 8.30 1994.21 < MDC 369 (33.5) 31 (54) < MDC 
17 Saltstone Gamma Suite 130611-17-S 5.48 8.10 1995.71 < MDC 398 (8.42) < MDC < MDC 
18 Saltstone Gamma Suite 130613-18-S 4.82 8.20 347.92 < MDC 10 (0.14) < MDC 0.79 (1.07) 
25 Sediment Control 130613-25-S 4.78 8.30 1425.71 < MDC < MDC < MDC < MDC 
26 Gamma Suite 130613-26-S 4.65 8.30 1189.71 < MDC < MDC 2.0 (2.8) 1.0 (2.5) 
27 Gamma Suite 130613-27-S 4.68 8.30 2043.71 < MDC 5.0 (15.5) < MDC 3.0 (8.6) 
28 Gamma Suite 130613-28-S 4.62 8.30 2013.71 < MDC < MDC < MDC < MDC 
*Date of pH and DO measurements.  Samples were counted between 7/21/2013 – 8/17/2013. 
**Error measurements (±) for 
137
Cs were calculated using counting statistics assuming a 92% confidence in the error associated 






Eu is the standard deviation of the activity measurements 
determined from characteristic peaks for each isotope. 






Table C.5:  Summarized data for the lysimeters containing gamma emitting radionuclides from the FY13Q4 sampling interval 
Sample Interval:  FY13Q4 
Date Sample taken @ SRS: 11/05/2016 and 11/06/2013 
Date Sample Analyzed/Prepared at Clemson University:  12/17/2013* 
Total Activity in Effluent (Bq) 
Lysimeter 
number 
Constituent(s) Sample ID pH DO 
Vol. measured @ Clemson Univ. 
(mL) 
137Cs** 60Co** 133Ba** 152Eu** 
2 Cement Control 131106-2-S 5.99 8.00 799.68 < MDC < MDC < MDC < MDC 
3 Cement Control 131106-3-S 5.83 7.80 651.79 < MDC < MDC < MDC < MDC 
4 Cement Gamma Suite 131106-4-S 6.48 8.50 560.36 232(4.21) 1100(2.05) < MDC 2(3.75) 
5 Cement Gamma Suite 131106-5-S 6.23 8.50 668.91 < MDC 1360(7.89) < MDC < MDC 
6 Cement Gamma Suite 131106-6-S 6.43 8.20 207.01 < MDC 452(0.13) < MDC < MDC 
14 Saltstone Control 131105-14-S 5.85 8.10 696.90 < MDC < MDC < MDC < MDC 
15 Saltstone Control 131105-15-S 5.80 8.10 745.39 < MDC < MDC < MDC < MDC 
16 Saltstone Gamma Suite 131105-16-S 5.69 8.00 655.20 < MDC 40(1.50) < MDC < MDC 
17 Saltstone Gamma Suite 131105-17-S 5.86 8.30 796.71 < MDC 28(3.72) < MDC < MDC 
18 Saltstone Gamma Suite 131106-18-S 5.73 8.00 415.08 1(0) 44 (1.74) < MDC < MDC 
25 Sediment Control 131106-25-S 6.12 7.90 447.57 < MDC < MDC < MDC < MDC 
26 Gamma Suite 131106-26-S 4.75 7.30 164.05 < MDC < MDC < MDC < MDC 
27 Gamma Suite 131106-27-S 4.65 8.20 666.82 3(0.05) < MDC < MDC 1(1.18) 
28 Gamma Suite 131106-28-S 4.56 8.00 752.69 2(0.03) < MDC < MDC < MDC 
*Date of pH and DO measurements.  Samples were counted between 01/13/2014 – 03/12/2014. 
**Error measurements (±) for 
137
Cs were calculated using counting statistics assuming a 92% confidence in the error associated 






Eu is the standard deviation of the activity measurements 
determined from characteristic peaks for each isotope. 







Figure C.4:  HPGe (Model: GC2519, SN: 08017390) efficiency curve used for analysis of samples from FY13Q4 sampling intervals 
determined from counting 45 mL of a 
152






y = 0.0049x-0.837 
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Table C.6:  Summarized data for the lysimeters containing gamma emitting radionuclides from the FY14Q1 sampling interval 
Sample Interval:  FY14Q1 
Date Sample taken @ SRS: 02/10/2014 
Date Sample Analyzed/Prepared at Clemson University:  03/05/2014* 
Total Activity in Effluent (Bq) 
Lysimeter 
number 
Constituent(s) Sample ID pH DO 
Vol. measured @ Clemson Univ. 
(mL) 
137Cs** 60Co** 133Ba** 152Eu** 
2*** Cement Control - - - - - - - - 
3 Cement Control 140210-3-S 6.43 7.90 1076.18 < MDC < MDC < MDC < MDC 
4 Cement Gamma Suite 140210-4-S 5.69 6.70 896.88 441(7.78) 1166(5.44) 2(2.61) < MDC 
5 Cement Gamma Suite 140210-5-S 6.01 6.10 1081.35 < MDC 705(6.04) < MDC < MDC 
6 Cement Gamma Suite 140210-6-S 6.31 6.50 128.31 < MDC 61(0.72) < MDC < MDC 
14*** Saltstone Control - - - - - - - - 
15 Saltstone Control 140210-15-S 5.85 7.20 1125.68 < MDC < MDC < MDC < MDC 
16 Saltstone Gamma Suite 140210-16-S 5.46 6.40 1099.25 < MDC 32(1.51) < MDC < MDC 
17 Saltstone Gamma Suite 140210-17-S 5.61 6.70 1142.30 < MDC 34(5.96) < MDC < MDC 
18 Saltstone Gamma Suite 140210-18-S 5.38 6.50 1087.13 < MDC 183(10.76) < MDC < MDC 
25 Sediment Control 140210-25-S 5.01 6.00 651.60 < MDC < MDC < MDC < MDC 
26 Gamma Suite 140210-26-S 4.92 6.40 674.35 < MDC 1(1.59) < MDC < MDC 
27 Gamma Suite 140210-27-S 4.82 6.20 1057.32 5(0.09) 1(0.72) < MDC < MDC 
28 Gamma Suite 140210-28-S 4.88 6.80 1139.75 < MDC < MDC < MDC < MDC 
*Date of pH and DO measurements.  Samples were counted between 04/03/2014 – 04/27/2014. 
**Error measurements (±) for 
137
Cs were calculated using counting statistics assuming a 92% confidence in the error associated 






Eu is the standard deviation of the activity measurements 
determined from characteristic peaks for each isotope. 
***Sample not received because lysimeter had been capped 






Figure C.5:  HPGe (Model: GC4018, SN: 1933074) efficiency curve used for analysis of samples from FY43Q1 sampling intervals 
determined from counting 45 mL of a 
152
Eu standard in a 50 mL conical centrifuge tube.  
y = 0.004214x-0.791266 
























Table D.1:  ICP-MS (Model: X-2, SN: 102990) sensitivity and intercept concentration 
(detection limit) for 239Pu and 237Np from the calibration data used for analysis of samples 
from the FY12Q4, FY13Q1, FY13Q2, FY13Q3, FY13Q4, and FY14Q1 sampling intervals. 























11/15/2012 28501 - 0.04475 - 
04/18/2013 25835 39923 0.000013 0.000361 
05/21/2013 25856 38606 0.00572 0.000043 
07/08/2013 31164 27883 0.000032 0.000107 
1/24/2014 45143 39156 0.000000 0.000060 




Figure D.1:  Screen capture of the 
237
Np calibration curve using Thermo Plasma Lab 
software to control the data collection and analysis for the FY12Q4 sampling interval.  





Figure D.2: Screen capture of the 
237
Np calibration curve using Thermo Plasma Lab 
software to control the data collection and analysis for the FY13Q1 sampling interval.  




Figure D.3:  Screen capture of the 
239
Pu calibration curve using Thermo Plasma Lab 
software to control the data collection and analysis for the FY13Q1 sampling interval.  






Figure D.4: Screen capture of the 
237
Np calibration curve using Thermo Plasma Lab 
software to control the data collection and analysis for the FY13Q2 sampling interval.  




Figure D.5: Screen capture of the 
239
Pu calibration curve using Thermo Plasma Lab 
software to control the data collection and analysis for the FY13Q2 sampling interval.  









Figure D.6:  Screen capture of the 
237
Np calibration curve using Thermo Plasma Lab 
software to control the data collection and analysis for the FY13Q3 sampling interval.  




Figure D.7:  Screen capture of the 
239
Pu calibration curve using Thermo Plasma Lab 
software to control the data collection and analysis for the FY13Q3 sampling interval.  









Figure D.8:  Screen capture of the 
237
Np calibration curve using Thermo Plasma Lab 
software to control the data collection and analysis for the FY13Q4 sampling interval.  




Figure D.9:  Screen capture of the 
239
Pu calibration curve using Thermo Plasma Lab 
software to control the data collection and analysis for the FY13Q4 sampling interval.  








Figure D.10:  Screen capture of the 
237
Np calibration curve using Thermo Plasma Lab 
software to control the data collection and analysis for the FY14Q1 sampling interval.  
R2=0.999951, Intercept Conc. (Detection Limit) = 0.000057 ppb. 
 
 
Figure D.11:  Screen capture of the 
239
Pu calibration curve using Thermo Plasma Lab 
software to control the data collection and analysis for the FY14Q1 sampling interval.  










Pu from the FY12Q4 
sampling interval. 
Sample Interval:  FY12Q4 
Date Sample taken @ SRS: 10/04/2012 




Constituent (s) Sample ID pH DO 
Vol. measured @ 













100412L11 6.54 8.00 575.87 - < MDC 
12 Grass Control 100412L12 6.73 7.80 702.73 - < MDC 
21 Pu(V)NH4(CO3)/OM 100412L21 6.48 8.10 668.55 - < MDC 
22 Pu(V)NH4(CO3)/OM 100412L22 7.05 7.90 71.42 - < MDC 
23 Pu(V)NH4(CO3)/OM 100412L23 5.53 7.90 920.19 - < MDC 
24 Instrumental Control 100412L24 5.74 8.00 822.35 - < MDC 
29 Np(V)nitrate 100412L29 5.12 7.80 460.10 < MDC - 
30 Np(V)nitrate 100412L30 6.57 7.80 571.55 < MDC - 
31 Np(IV)O2 100412L31 6.33 7.70 632.47 < MDC - 
32 Np(IV)O2 100412L32 5.67 8.00 490.45 < MDC - 
33 Pu(III)oxalate 100412L33 5.88 8.10 590.76 - < MDC 
34 Pu(III)oxalate 100412L34 6.33 7.90 246.97 - < MDC 
35 Pu(III)oxalate 100412L35 6.39 8.00 599.08 - < MDC 
37 Instrumental Control 100412L37 5.37 7.90 843.41 - < MDC 
38 Pu(IV)oxalate 100412L38 6.02 8.10 588.05 - < MDC 
39 Pu(IV)oxalate 100412L39 6.18 8.10 572.58 - < MDC 
40 Pu(IV)oxalate 100412L40 5.41 8.00 723.42 - < MDC 
41 Pu(V)NH4(CO3) 100412L41 5.65 7.70 405.94 - < MDC 
42 Pu(V)NH4(CO3) 100412L42 5.44 8.00 506.63 - < MDC 
43 Pu(V)NH4(CO3) 100412L43 5.54 7.80 638.09 - < MDC 
44 Pu Colloids 100412L44 5.86 7.90 651.61 - < MDC 
45 Pu Colloids 100412L45 5.29 7.90 601.53 - < MDC 
46 Pu Colloids 100412L46 5.40 8.00 617.24 - < MDC 










Pu from the FY13Q1 
sampling interval. 
Sample Interval:  FY13Q1 
Date Sample taken @ SRS: 01/09/2013 




Constituent (s) Sample ID pH DO 
Vol. measured @ 
Clemson Univ. (mL) 
237Np 239Pu 
9 Pu(IV)-oxalate, grass 130109-9-S 5.39 7.40 333.90 - < MDC 
10 Pu(IV)-oxalate, grass 130109-10-S 5.49 7.50 112.25 - < MDC 
11 Pu(IV)-oxalate, grass 130109-11-S 5.58 7.50 456.76 - < MDC 
12 Grass Control 130109-12-S 5.67 7.40 563.03 - < MDC 
21 Pu(V)NH4(CO3)/OM 130109-21-S 4.78 7.60 332.39 - < MDC 
22 Pu(V)NH4(CO3)/OM 130109-22-S* - - - - < MDC 
23 Pu(V)NH4(CO3)/OM 130109-23-S 4.58 7.40 823.24 - < MDC 
24 Instrumental Control 130109-24-S 5.16 7.40 782.23 - < MDC 
29 Np(V)nitrate 130109-29-S 4.95 7.70 533.09 < MDC - 
30 Np(V)nitrate 130109-30-S 5.21 7.60 545.36 < MDC - 
31 Np(IV)O2 130109-31-S 5.19 7.50 381.33 < MDC - 
32 Np(IV)O2 130109-32-S 5.35 7.70 517.43 < MDC - 
33 Pu(III)oxalate 130109-33-S 5.20 7.80 548.50 - < MDC 
34 Pu(III)oxalate 130109-34-S 5.49 7.30 191.91 - < MDC 
35 Pu(III)oxalate 130109-35-S 5.11 7.50 545.21 - < MDC 
37 Instrumental Control 130109-37-S 4.97 7.40 784.24 - < MDC 
38 Pu(IV)oxalate 130109-38-S 5.15 7.50 574.60 - < MDC 
39 Pu(IV)oxalate 130109-39-S 5.18 7.40 628.23 - < MDC 
40 Pu(IV)oxalate 130109-40-S 4.98 7.40 518.32 - < MDC 
41 Pu(V)NH4(CO3) 130109-41-S 4.95 7.40 570.69 - < MDC 
42 Pu(V)NH4(CO3) 130109-42-S 5.61 7.50 432.99 - < MDC 
43 Pu(V)NH4(CO3) 130109-43-S 5.49 7.50 168.25 - < MDC 
44 Pu Colloids 130109-44-S 5.07 7.70 561.99 - < MDC 
45 Pu Colloids 130109-45-S 5.15 7.60 484.81 - < MDC 
46 Pu Colloids 130109-46-S 5.20 7.80 505.70 - < MDC 
- < MDC (Below minimum detectable concentration which are described in Table 
4.1). 









Pu from the FY13Q2 
sampling interval. 
Sample Interval:  FY13Q2 
Date Sample taken @ SRS: 03/07/2013 




Constituent (s) Sample ID pH DO 
Vol. measured @ 













130307-11-S 5.53 7.60 1268.03 - < MDC 
12 Grass Control 130307-12-S 5.24 7.60 1811.71 - < MDC 
21 Pu(V)NH4(CO3)/OM 130307-21-S 4.78 7.70 1012.18 - < MDC 
22 Pu(V)NH4(CO3)/OM 130307-22-S* - - 59.64 - < MDC 
23 Pu(V)NH4(CO3)/OM 130307-23-S 5.11 7.40 1738.71 - < MDC 
24 Instrumental Control 130307-24-S 5.42 7.50 1260.04 - < MDC 
29 Np(V)nitrate 130307-29-S 5.14 8.20 1746.71 < MDC - 
30 Np(V)nitrate 130307-30-S 5.68 8.10 1678.71 < MDC - 
31 Np(IV)O2 130307-31-S 5.20 7.70 867.94 < MDC - 
32 Np(IV)O2 130307-32-S 5.28 7.80 1587.21 < MDC - 
33 Pu(III)oxalate 130307-33-S 5.39 8.10 1214.23 - < MDC 
34 Pu(III)oxalate 130307-34-S 5.22 7.90 434.21 - < MDC 
35 Pu(III)oxalate 130307-35-S 5.17 7.70 1484.13 - < MDC 
37 Instrumental Control 130307-37-S 5.10 7.50 1838.21 - < MDC 
38 Pu(IV)oxalate 130307-38-S 5.21 7.70 1729.71 - < MDC 
39 Pu(IV)oxalate 130307-39-S 5.10 7.60 1628.21 - < MDC 
40 Pu(IV)oxalate 130307-40-S 5.12 7.70 1593.21 - < MDC 
41 Pu(V)NH4(CO3) 130307-41-S 5.04 7.90 1737.71 - < MDC 
42 Pu(V)NH4(CO3) 130307-42-S 5.63 7.60 1172.48 - < MDC 
43 Pu(V)NH4(CO3) 130307-42-S 5.41 7.60 826.60 - < MDC 
44 Pu Colloids 130307-44-S 5.27 7.90 1510.30 - < MDC 
45 Pu Colloids 130307-45-S 5.28 7.60 1377.93 - < MDC 
46 Pu Colloids 130307-46-S 5.23 7.90 1568.21 - < MDC 
- < MDC (Below minimum detectable concentration which are described in Table 
4.1). 











Pu from the 
FY13Q3sampling interval. 
Sample Interval:  FY13Q3 
Date Sample taken @ SRS: 05/14/2013, 06/11/2013 and 06/13/2013 




Constituent (s) Sample ID pH DO 
Vol. measured @ 













130613-11-S 4.76 8.20 1826.71 - < MDC 
12 Grass Control 130613-12-S 4.70 8.20 2045.71 - < MDC 
21 Pu(V)NH4(CO3)/OM 130613-21-S 5.40 8.30 332.98 - - 
22* Pu(V)NH4(CO3)/OM - - - - - - 
23 Pu(V)NH4(CO3)/OM 130613-23-S 5.0 8.20 511.52 - - 
24* Instrumental Control - - - - - - 
29 Np(V)nitrate 130613-29-S 4.61 8.20 2038.21 < MDC - 
30 Np(V)nitrate 130617-30-S 4.69 8.00 2033.71 146 (0.6) - 
31 Np(IV)O2 130613-31-S 4.72 8.20 1818.71 < MDC - 
32 Np(IV)O2 130613-32-S 4.93 8.20 2001.21 < MDC - 
33 Pu(III)oxalate 130613-33-S 4.66 8.20 2040.21 - < MDC 
34 Pu(III)oxalate 130613-34-S 4.90 8.20 413.21 - < MDC 
35 Pu(III)oxalate 130613-35-S 4.73 8.10 1651.71 - < MDC 
37 Instrumental Control 130613-37-S 4.84 8.20 2011.21 - < MDC 
38 Pu(IV)oxalate 130613-38-S 4.70 8.10 2011.71 - < MDC 
39 Pu(IV)oxalate 130613-39-S 4.69 8.00 2025.21 - < MDC 
40 Pu(IV)oxalate 130613-40-S 4.59 8.30 2008.71 - < MDC 
41 Pu(V)NH4(CO3) 130613-41-S 4.67 8.20 1810.21 - < MDC 
42 Pu(V)NH4(CO3) 130514-42-S 5.10 8.30 960.21 - < MDC 
43 Pu(V)NH4(CO3) 130514-43-S 5.02 7.90 405.21 - < MDC 
44 Pu Colloids 130514-44-S 5.14 8.30 842.21 - < MDC 
45 Pu Colloids 130514-45-S 4.01 8.30 802.71 - < MDC 
46 Pu Colloids 130514-46-S 4.91 8.10 906.21 - < MDC 
- < MDC (Below minimum detectable concentration which are described in Table 
4.1). 












Pu from the FY13Q4 
sampling interval. 
Sample Interval:  FY13Q4 
Date Sample taken @ SRS: 11/06/2013 




Constituent (s) Sample ID pH DO 
Vol. measured @ 













131106-11-S 4.78 7.90 392.37 - < MDC 
12 Grass Control 131106-12-S 4.64 8.00 466.20 - < MDC 
21* Pu(V)NH4(CO3)/OM - - - - - - 
22* Pu(V)NH4(CO3)/OM - - - - - - 
23* Pu(V)NH4(CO3)/OM - - - - - - 
24 Instrumental Control 131106-24-S 4.27 8.10 810.08 - - 
29 Np(V)nitrate 131106-29-S 4.55 7.90 687.19 < MDC - 
30 Np(V)nitrate 131106-30-S 5.19 8.10 727.74 733 (4.9) - 
31 Np(IV)O2 131106-31-S 4.60 8.10 722.15 < MDC - 
32 Np(IV)O2 131106-32-S 5.00 7.90 397.37 < MDC - 
33 Pu(III)oxalate 131106-33-S 4.53 8.10 764.58 - < MDC 
34 Pu(III)oxalate 131106-34-S 5.32 7.90 238.85 - < MDC 
35 Pu(III)oxalate 131106-35-S 4.55 8.90 679.29 - < MDC 
37 Instrumental Control 131106-37-S 4.84 8.40 1147.53 - < MDC 
38 Pu(IV)oxalate 131106-38-S 4.86 8.70 934.67 - < MDC 
39 Pu(IV)oxalate 131106-39-S 4.65 8.30 670.8 - < MDC 
40 Pu(IV)oxalate 131106-40-S 4.27 8.40 717.21 - < MDC 
41 Pu(V)NH4(CO3) 131106-41-S 4.58 8.20 554.79 - < MDC 
42 Pu(V)NH4(CO3) 131106-42-S 5.21 8.00 335.90 - < MDC 
43 Pu(V)NH4(CO3) 131106-43-S 4.49 7.90 68.45 - < MDC 
44 Pu Colloids 131106-44-S 5.19 7.70 256.15 - < MDC 
45 Pu Colloids 131106-45-S 5.23 7.80 359.64 - < MDC 
46 Pu Colloids 131106-46-S 4.97 7.60 302.43 - < MDC 
- < MDC (Below minimum detectable concentration which are described in Table 
4.1). 










Pu from the FY14Q1 
sampling interval. 
Sample Interval:  FY14Q1 
Date Sample taken @ SRS: 02/10/2014 




Constituent (s) Sample ID pH DO 
Vol. measured @ 













140210-11-S 4.88 6.90 810.74 - < MDC 
12 Grass Control 140210-12-S 4.87 6.90 672.95 - < MDC 
21 Pu(V)NH4(CO3)/OM 140210-21-S 4.60 7.20 1362.71 - - 
22 Pu(V)NH4(CO3)/OM 140210-22-S 4.64 7.50 911.85 - - 
23 Pu(V)NH4(CO3)/OM 140210-23-S 4.44 8.20 1319.21 - - 
24 Instrumental Control 140210-24-S 5.12 6.00 1447.71 - - 
29 Np(V)nitrate 140210-29-S 4.81 6.40 1168.27 < MDC - 
30 Np(V)nitrate 140210-30-S 4.97 7.00 1114.55 715 (2.3) - 
31 Np(IV)O2 140210-31-S 4.84 6.90 1111.53 < MDC - 
32 Np(IV)O2 140210-32-S 5.07 6.00 667.03 < MDC - 
33 Pu(III)oxalate 140210-33-S 4.93 5.90 978.71 - < MDC 
34 Pu(III)oxalate 140210-34-S 4.86 6.10 978.71 - < MDC 
35 Pu(III)oxalate 140210-35-S 4.97 5.80 1131.95 - < MDC 
37 Instrumental Control 140210-37-S 5.09 6.40 1333.21 - < MDC 
38 Pu(IV)oxalate 140210-38-S 4.74 6.20 1116.53 - < MDC 
39 Pu(IV)oxalate 140210-39-S 4.88 6.40 1142.74 - < MDC 
40 Pu(IV)oxalate 140210-40-S 4.79 6.10 1112.54 - < MDC 
41 Pu(V)NH4(CO3) 140210-41-S 4.83 7.10 990.93 - < MDC 
42 Pu(V)NH4(CO3) 140210-42-S 4.41 6.10 797.75 - < MDC 
43 Pu(V)NH4(CO3) 140210-43-S 5.12 6.60 180.44 - < MDC 
44 Pu Colloids 140210-44-S 4.85 6.40 1039.63 - < MDC 
45 Pu Colloids 140210-45-S 4.86 6.90 1095.15 - < MDC 
46 Pu Colloids 140210-46-S 4.84 6.50 1007.48 - < MDC 










Summary of Data for 
99
Tc Lysimeters (8 and 20) Coring 
Table E.1: Summary of the data obtained from the lysimeter 8 soil column analyses.  




























0.556      
L8-1-57-A 5633.31 4.9661 0.947 32.3659 16.9692 16.4359 261.47  
L8-1-57-B 4186.79 4.9654 0.952 33.471 15.3383 14.9347 261.47  
L8-1-57-C 5499.89 4.9567 0.953 33.0267 17.0215 16.4735 261.47 -12.375 
L8-2-57-A 7467.34 4.9519 0.953 31.6818 19.2873 18.5189 331.64  
L8-2-57-B 8629.78 4.9557 0.954 29.9432 20.0534 19.1966 331.64  
L8-2-57-C 8046.28 4.9294 0.953 30.7462 19.5014 18.7055 331.64 -11.375 
L8-3-57-A 4614.03 4.9452 0.951 33.1309 17.2112 16.6168 378.65  
L8-3-57-B 5878.12 4.9449 0.953 31.0804 18.1169 17.4255 378.65  
L8-3-57-C 8128.61 4.9303 0.954 29.3583 20.5273 19.621 378.65 -10.375 
L8-4-57-A 2911.85 4.9278 0.951 34.0884 15.5129 15.0731 290.32  
L8-4-57-B 2988.19 4.9194 0.952 31.9905 15.9795 15.5654 290.32  
L8-4-57-C 3137.95 4.9326 0.95 34.1417 16.0017 15.5498 290.32 -9.25 
L8-5-57-A 2228.43 4.9305 0.949 35.0714 15.5962 15.1987 237.68  
L8-5-57-B 2019.97 4.95 0.945 35.5025 14.9342 14.5679 237.68  
L8-5-57-C 3243.35 4.9419 0.951 34.4562 17.0452 16.4774 237.68 -8.625 
L8-6-57-A 3960.57 4.9313 0.953 30.8521 18.6507 17.943 470.58  
L8-6-57-B 3445.22 4.9103 0.952 33.4309 18.3334 17.6556 470.58  
L8-6-57-C 2632.32 4.9315 0.95 33.5609 16.4896 15.9661 470.58 -7.375 
L8-7-57-A 2986.46 4.9468 0.95 32.3004 17.3978 16.805 291.82  
L8-7-57-B 2270.25 4.9723 0.949 34.4852 16.4171 15.9499 291.82  
L8-7-57-C 2064.86 4.9447 0.949 35.0878 15.8962 15.475 291.82 -6.375 
L8-8-57-A 3291.15 4.9692 0.951 33.7056 17.9393 17.2791 285.12  
L8-8-57-B 2255.47 4.9549 0.95 33.4141 16.5237 16.0829 285.12  
L8-8-57-C 16079.16 4.9356 0.954 34.6862 16.8356 16.312 285.12 -5.875 
L8-9-57-A 2906.88 4.9327 0.951 34.7969 16.6587 16.1001 289.78  
L8-9-57-B 2834.6 4.9721 0.949 36.2527 16.4817 15.9214 289.78  
L8-9-57-C 3562.44 4.9509 0.951 31.6249 16.9529 16.3317 289.78 -4.875 
L8-10-57-A 4397.57 4.9317 0.953 32.3051 17.7169 17.0541 329.3  
L8-10-57-B 3985.89 4.9381 0.953 32.3131 17.2571 16.6746 329.3  
L8-10-57-C 5913.7 4.9388 0.953 31.2527 19.7215 18.8698 329.3 -4.125 
L8-11-57-A 6046.96 4.9615 0.954 33.1614 18.5767 17.8657 255.83  
L8-11-57-B 7331.04 4.9545 0.954 33.4591 19.9219 19.059 255.83  
L8-11-57-C 6476.8 4.9385 0.953 33.1122 18.7776 18.0227 255.83 -3.125 
L8-12-57-A 10856.75 4.9426 0.955 31.3376 19.8105 18.9694 307.49  
L8-12-57-B 4802.31 4.9576 0.953 35.5685 15.799 15.3618 307.49  
L8-12-57-C 4257.91 4.9637 0.952 35.229 15.9411 15.4832 307.49 -2.375 
L8-13-57-A 6372.6 4.9388 0.953 34.234 15.766 15.344 252.1  
L8-13-57-B 8556.42 4.9556 0.955 33.7473 16.9819 16.4193 252.1  
L8-13-57-C 9091.6 4.9383 0.955 34.0451 16.9606 16.3722 252.1 -1.375 
L8-14-57-A 11454.65 4.9237 0.956 32.3396 17.6449 17.02 326.67  
L8-14-57-B 12334.27 4.9155 0.951 30.8408 18.2684 17.6236 326.67  




























L8-15-57-A 46.23 4.9321 0.591 35.5772 16.8166 16.2675 244.23  
L8-15-57-B 9397.6 4.9422 0.951 32.6606 16.7509 16.2567 244.23  
L8-15-57-C 8185.93 4.9392 0.949 33.9531 15.9316 15.484 244.23 0 
L8-16-57-A 9938.81 4.9229 0.953 34.9406 16.2962 15.8335 264.75  
L8-16-57-B 12579.82 4.931 0.955 33.1479 16.9104 16.3748 264.75  
L8-16-57-C 9679.83 4.9387 0.954 36.0256 16.0506 15.5932 264.75 1.375 
L8-17-57-A 19589.66 4.7866 0.955 32.6056 17.2467 16.6893 255.72  
L8-17-57-B 16585.28 4.9697 0.955 33.5771 16.8488 16.3591 255.72  
L8-17-57-C 12539.55 4.9453 0.954 34.7561 15.217 14.8134 255.72 2 
L8-18-57-A 21906.61 4.9434 0.952 34.2145 16.5237 16.0247 303.31  
L8-18-57-B 20738.07 4.9425 0.954 33.5868 16.2081 15.7382 303.31  
L8-18-57-C 16915.55 4.935 0.955 36.36 15.8298 14.4192 303.31 3 
L8-19-57-A 21657.06 4.9372 0.955 34.5386 17.0511 16.5381 172.78  
L8-19-57-B 29396.99 4.9384 0.956 33.3302 18.8087 18.1337 172.78  
L8-19-57-C 38027.51 4.9471 0.954 32.6985 20.4842 19.5984 172.78 4.1875 
L8-20-57-A 16576.58 4.9371 0.954 34.0791 16.0307 15.5782 533.38  
L8-20-57-B 10381.34 4.9228 0.952 34.0158 14.2733 14.0052 533.38  
L8-20-57-C 20691.38 4.944 0.953 32.8517 17.0529 16.5349 533.38 5 
L8-21-57-A 16242.99 4.9411 0.954 35.1895 17.7669 17.2158 66.07  
L8-21-57-B 12120.95 4.9562 0.954 34.5153 15.9296 15.4924 66.07  
L8-21-57-C 19854.97 4.9379 0.954 33.8263 19.2904 18.5465 66.07 6.125 
L8-22-57-A 10100.9 4.9372 0.953 34.0616 17.221 16.6918 419.98  
L8-22-57-B 9494.61 4.9392 0.954 34.4867 17.0723 16.5779 419.98  
L8-22-57-C 12005.94 4.9549 0.954 32.2178 17.8391 17.2488 419.98 6.75 
L8-23-57-A 7003.41 4.9273 0.949 32.9956 17.3922 16.8319 240.32  
L8-23-57-B 8164.9 4.9536 0.951 31.884 18.2205 17.6091 240.32  
L8-23-57-C 5082.48 4.9121 0.949 32.9945 15.8477 15.4812 240.32 7.95 
L8-24-57-A 1893.52 4.9523 0.945 34.6983 15.3829 15.124 338.9  
L8-24-57-B 3282.14 4.94 0.948 33.7629 17.616 17.0578 338.9  
L8-24-57-C 3315.9 4.9637 0.948 33.3668 17.1261 16.6394 338.9 7.875 
L8-25-57-A 1148.73 4.946 0.938 34.2118 15.311 15.0085 339.9  
L8-25-57-B 1106.15 4.9231 0.937 37.1749 15.563 15.2182 340.9  
L8-25-57-C 1687.68 4.9325 0.943 32.5425 17.0498 16.5667 341.9 10.875 
L8-26-57-A 844.97 4.9452 0.931 33.1762 16.5773 16.1167 342.9  
L8-26-57-B 1057.24 4.9335 0.936 33.6852 17.8596 17.3157 343.9  
L8-26-57-C 954.45 4.9585 0.934 32.2711 17.1419 16.65 344.9 13.875 
L8-27-57-A 343.87 4.8808 0.903 35.1957 15.4901 15.1285 345.9  
L8-27-57-B 350.24 4.8642 0.901 33.6166 15.5636 15.2151 346.9  





Table E.2:  Summary of the data obtained from the lysimeter 20 soil column analyses.  Samples were mixed for 7 
days. 




























0.556      
L20-1-57-A 70184.87 4.9686 0.955 36.4178 10.7439 9.7919 334.14  
L20-1-57-B 54421.33 4.992 0.955 36.6775 9.805 9.0143 334.14  
L20-1-57-C 58900.9 4.9881 0.955 34.4643 9.3656 8.6221 334.14 1.875 
L20-2-57-A 62947.95 4.9973 0.955 34.2749 11.4666 10.4941 315.64  
L20-2-57-B 57863.6 4.9949 0.955 35.8824 11.5524 9.6339 315.64  
L20-2-57-C 42551.65 5.0013 0.955 36.9237 8.1349 7.4576 315.64 1.875 
L20-3-57-A 50532.16 5.015 0.955 37.3015 9.2759 8.5729 221.3  
L20-3-57-B 32654.49 5.0085 0.954 38.079 11.6427 6.1143 221.3  
L20-3-57-C 59835.37 5.0012 0.946 35.9349 10.0762 9.2229 221.3 2.25 
L20-4-57-A 68994.75 4.9323 0.955 34.9381 10.1987 9.1855 328.6  
L20-4-57-B 46593.78 4.8806 0.956 36.8189 8.8373 8.0393 328.6  
L20-4-57-C 53776.43 5.003 0.946 35.7803 10.7328 9.8147 328.6 3.25 
L20-5-57-A 63949.03 4.9912 0.955 33.9761 10.66 9.7143 300.12  
L20-5-57-B 48721.46 4.9968 0.955 34.8255 8.9777 8.1705 300.12  
L20-5-57-C 39040.74 4.9803 0.955 36.5256 7.4537 6.8398 300.12 4.0625 
L20-6-57-A 44989.92 4.9854 0.955 37.6512 7.3408 6.6638 269.59  
L20-6-57-B 59728.67 4.9854 0.955 35.5263 10.7043 9.6998 269.59  
L20-6-57-C 42003.31 4.9965 0.955 36.057 7.9801 7.2664 269.59 4.875 
L20-7-57-A 63732.12 5 0.955 33.796 10.4862 9.5106 337.29  
L20-7-57-B 62053.26 5.0047 0.955 33.8117 10.5254 9.5744 337.29  
L20-7-57-C 34833.52 4.9698 0.955 36.9559 6.5205 5.9371 337.29 5.75 
L20-8-57-A 30256.71 4.9196 0.956 37.7088 6.144 5.5946 305.88  
L20-8-57-B 35733.44 4.9895 0.955 38.9925 6.9741 6.3689 305.88  
L20-8-57-C 38693.35 4.7985 0.956 37.5053 8.1107 7.4178 305.88 6.75 
L20-9-57-A 41940.98 4.9986 0.955 36.2865 7.9875 7.2654 347.69  
L20-9-57-B 66544.42 4.9495 0.956 35.1652 15.4095 14.0294 347.69  
L20-9-57-C 30077.46 4.8499 0.956 37.4215 7.0751 6.5015 347.69 7.75 
L20-10-57-A 45368.35 5.0205 0.956 35.0469 11.2907 10.3127 300.86  
L20-10-57-B 45752.83 4.9698 0.955 33.732 11.7069 10.7179 300.86  
L20-10-57-C 33448.65 4.9938 0.955 36.5166 8.3924 7.6676 300.86 8.5 
L20-11-57-A 42803.99 4.9896 0.955 34.5807 10.4134 9.5632 337.29  
111 
 
























L20-11-57-B 36034.02 4.9976 0.955 36.2318 9.8948 9.0163 337.29  
L20-11-57-C 44000.41 4.9358 0.956 33.0888 12.5376 11.4243 337.29 9.625 
L20-12-57-A 28553.16 4.9367 0.956 37.2105 8.7964 8.1129 263.92  
L20-12-57-B 27585.18 4.7474 0.955 35.7612 9.3769 8.7169 263.92  
L20-12-57-C 27736.78 5.0008 0.956 35.675 7.8195 7.1892 263.92 10.25 
L20-13-57-A 31822.21 4.6653 0.956 36.5217 9.5275 8.6915 343.42  
L20-13-57-B 51867.74 5.0084 0.955 32.4504 13.1611 11.9893 343.42  
L20-13-57-C 16838.12 5.0065 0.955 38.0577 6.4209 5.8797 343.42 11.25 
L20-14-57-A 37423.65 4.9929 0.955 35.3399 11.8803 10.9422 326.67  
L20-14-57-B 22009.36 4.8 0.956 38.6232 8.7636 8.0387 326.67  
L20-14-57-C 25973.28 4.9975 0.955 36.4801 7.8226 7.1617 326.67 12 
L20-15-57-A 23664.96 4.842 0.955 38.1442 7.6285 7.0189 244.23  
L20-15-57-B 53020.8 4.9942 0.956 35.9936 11.9966 10.9831 244.23  
L20-15-57-C 50415.15 4.9091 0.955 36.7342 10.8715 9.9698 244.23 13 
L20-16-57-A 37427 4.9881 0.955 36.7784 8.5688 7.8535 264.75  
L20-16-57-B 43919.67 4.9711 0.956 36.1626 10.9679 10.0854 264.75  
L20-16-57-C 27170.18 4.984 0.956 37.6341 6.5217 5.9838 264.75 13.75 
L20-17-57-A 29849.97 4.9814 0.956 37.5884 6.8608 6.3166 255.72  
L20-17-57-B 30110.63 4.969 0.955 38.4037 6.944 6.3774 255.72  
L20-17-57-C 30677.22 5.0024 0.955 37.2904 6.7473 6.1949 255.72 14.5 
L20-18-57-A 33861.11 4.9945 0.955 35.1946 5.3892 4.9506 303.31  
L20-18-57-B 50409.23 4.9837 0.956 35.5697 8.3325 7.5874 303.31  
L20-18-57-C 40073.53 4.9724 0.955 35.4887 6.7175 6.1611 303.31 15.5 
L20-19-57-A 18751.01 4.7074 0.955 37.5669 3.7008 3.4613 172.78  
L20-19-57-B 25227.21 4.9972 0.955 38.3412 4.9863 4.6149 172.78  
L20-19-57-C 19740.08 4.9919 0.955 38.1863 3.2839 3.023 172.78 16 
L20-20-57-A 47601.98 4.9986 0.955 34.8898 9.7241 8.8426 533.38  
L20-20-57-B 47251.74 4.9763 0.954 36.1821 10.9596 10.0191 533.38  
L20-20-57-C 39988.28 4.8946 0.956 34.3891 8.6904 7.8984 533.38 17.5 
L20-21-57-A 17789.11 4.9696 0.955 37.6073 5.2218 4.9792 66.07  
L20-21-57-B 19030.9 4.9533 0.954 39.0029 4.8795 4.6412 66.07  
L20-21-57-C 6883.94 4.7025 0.954 39.2914 1.9572 1.9028 66.07 18.125 
L20-22-57-A 26748.39 4.9409 0.956 36.7395 9.168 8.3724 419.98  
L20-22-57-B 25005.47 4.9908 0.956 37.5052 10.2201 9.3962 419.98  
L20-22-57-C 20725.02 4.9813 0.951 37.2346 7.9441 7.2928 419.98 19.375 
L20-23-57-A 5937.69 4.9626 0.953 38.8928 4.7885 4.4487 240.32  
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L20-23-57-B 8015.96 4.9915 0.955 38.4687 5.5749 5.1619 240.32  
L20-23-57-C 7342.09 4.9028 0.954 37.338 6.2213 5.7758 240.32 20.125 
L20-24-57-A 5010.74 5.0048 0.954 36.9425 6.6412 6.1774 338.9  
L20-24-57-B 5266.57 4.9898 0.953 37.385 6.523 6.0112 338.9  
L20-24-57-C 7162.2 4.9867 0.954 38.7478 8.3092 7.6096 338.9 21.25 
 
 
Table E.3: Summary of the data obtained from the lysimeter 20 soil column analyses.  This 
data was obtained after the samples were mixed for an additional 10 days. 




























0.556      
L20-1-57-A 72204.97 4.9865 0.957 31.4492 10.7439 9.7919 334.14  
L20-1-57-B 55432.85 4.9517 0.957 31.6855 9.805 9.0143 334.14  
L20-1-57-C 60264.55 4.9793 0.957 29.4762 9.3656 8.6221 334.14 1.875 
L20-2-57-A 64818.58 4.9853 0.957 29.2776 11.4666 10.4941 315.64  
L20-2-57-B 57928.94 4.9168 0.957 30.8875 11.5524 9.6339 315.64  
L20-2-57-C 43209.12 4.9884 0.957 31.9224 8.1349 7.4576 315.64 1.875 
L20-3-57-A 51913.5 5.0108 0.957 32.2865 9.2759 8.5729 221.3  
L20-3-57-B 33415.35 5.0003 0.957 33.0705 11.6427 6.1143 221.3  
L20-3-57-C 60439.34 4.8602 0.957 30.9337 10.0762 9.2229 221.3 2.25 
L20-4-57-A 71975.93 5.0026 0.956 30.0058 10.1987 9.1855 328.6  
L20-4-57-B 48364.07 4.9701 0.957 31.9383 8.8373 8.0393 328.6  
L20-4-57-C 55765.29 4.9959 0.956 30.7773 10.7328 9.8147 328.6 3.25 
L20-5-57-A 66133.1 5.0043 0.957 28.9849 10.66 9.7143 300.12  
L20-5-57-B 50018.77 5.0013 0.957 29.8287 8.9777 8.1705 300.12  
L20-5-57-C 39713.64 4.9591 0.956 31.5453 7.4537 6.8398 300.12 4.0625 
L20-6-57-A 46101.69 4.9902 0.957 32.6658 7.3408 6.6638 269.59  
L20-6-57-B 61563.5 4.9908 0.956 30.5409 10.7043 9.6998 269.59  
L20-6-57-C 42671.56 4.9908 0.957 31.0605 7.9801 7.2664 269.59 4.875 
L20-7-57-A 65548.72 4.9992 0.957 28.796 10.4862 9.5106 337.29  
L20-7-57-B 54698.93 4.9869 0.957 28.807 10.5254 9.5744 337.29  
L20-7-57-C 35244.29 4.9932 0.957 31.9861 6.5205 5.9371 337.29 5.75 
L20-8-57-A 31307.88 4.995 0.957 32.7892 6.144 5.5946 305.88  
L20-8-57-B 36614.32 4.9968 0.956 34.003 6.9741 6.3689 305.88  
L20-8-57-C 41253.8 5.0136 0.957 32.7068 8.1107 7.4178 305.88 6.75 
L20-9-57-A 42647.16 5.0091 0.957 31.2879 7.9875 7.2654 347.69  
L20-9-57-B 63589.92 4.6137 0.958 30.2157 15.4095 14.0294 347.69  
L20-9-57-C 31266.45 4.9699 0.957 32.5716 7.0751 6.5015 347.69 7.75 
L20-10-57-A 45405.32 4.983 0.957 30.0264 11.2907 10.3127 300.86  
L20-10-57-B 39510.88 4.9967 0.957 28.7622 11.7069 10.7179 300.86  
L20-10-57-C 33803.19 4.997 0.957 31.5228 8.3924 7.6676 300.86 8.5 
L20-11-57-A 42970.31 4.9938 0.957 29.5911 10.4134 9.5632 337.29  
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L20-11-57-B 31295.57 4.9982 0.957 31.2342 9.8948 9.0163 337.29  
L20-11-57-C 44878.62 4.9907 0.957 28.153 12.5376 11.4243 337.29 9.625 
L20-12-57-A 29180.43 5.0067 0.957 32.2738 8.7964 8.1129 263.92  
L20-12-57-B 29202.76 4.9913 0.956 31.0138 9.3769 8.7169 263.92  
L20-12-57-C 27929.28 4.9932 0.956 30.6742 7.8195 7.1892 263.92 10.25 
L20-13-57-A 34147.89 4.9822 0.957 31.8564 9.5275 8.6915 343.42  
L20-13-57-B 51390.27 4.9453 0.956 27.442 13.1611 11.9893 343.42  
L20-13-57-C 16786.42 4.9453 0.956 33.0512 6.4209 5.8797 343.42 11.25 
L20-14-57-A 37404.94 4.9383 0.957 30.347 11.8803 10.9422 326.67  
L20-14-57-B 22832.59 4.9654 0.956 33.8232 8.7636 8.0387 326.67  
L20-14-57-C 25996.64 4.9788 0.956 31.4826 7.8226 7.1617 326.67 12 
L20-15-57-A 24282.55 4.9822 0.955 33.3022 7.6285 7.0189 244.23  
L20-15-57-B 52930.14 4.9413 0.957 30.9994 11.9966 10.9831 244.23  
L20-15-57-C 51734.53 5.0142 0.956 31.8251 10.8715 9.9698 244.23 13 
L20-16-57-A 37607.25 4.9811 0.957 31.7903 8.5688 7.8535 264.75  
L20-16-57-B 44160.86 4.9734 0.956 31.1915 10.9679 10.0854 264.75  
L20-16-57-C 27270.3 4.9849 0.957 32.6501 6.5217 5.9838 264.75 13.75 
L20-17-57-A 29937.44 4.9899 0.956 32.607 6.8608 6.3166 255.72  
L20-17-57-B 30391.72 4.9929 0.956 33.4347 6.944 6.3774 255.72  
L20-17-57-C 30428.24 4.9458 0.957 32.288 6.7473 6.1949 255.72 14.5 
L20-18-57-A 33660.46 4.944 0.956 30.2001 5.3892 4.9506 303.31  
L20-18-57-B 50488.28 4.9523 0.957 30.586 8.3325 7.5874 303.31  
L20-18-57-C 40319.2 4.9591 0.956 30.5163 6.7175 6.1611 303.31 15.5 
L20-19-57-A 20053.96 4.9592 0.956 32.8595 3.7008 3.4613 172.78  
L20-19-57-B 25305.95 4.9505 0.956 33.344 4.9863 4.6149 172.78  
L20-19-57-C 19775.4 4.9264 0.956 33.1944 3.2839 3.023 172.78 16 
L20-20-57-A 48475.91 4.9686 0.956 29.8912 9.7241 8.8426 533.38  
L20-20-57-B 48659.23 5.0054 0.956 31.2058 10.9596 10.0191 533.38  
L20-20-57-C 41651.32 4.9805 0.956 29.4945 8.6904 7.8984 533.38 17.5 
L20-21-57-A 18112.62 5.0032 0.956 32.6377 5.2218 4.9792 66.07  
L20-21-57-B 19308.43 4.9637 0.956 34.0496 4.8795 4.6412 66.07  
L20-21-57-C 7339.04 4.9835 0.954 34.5889 1.9572 1.9028 66.07 18.125 
L20-22-57-A 27721.21 4.9993 0.954 31.7986 9.168 8.3724 419.98  
L20-22-57-B 25526.67 4.9803 0.956 32.5144 10.2201 9.3962 419.98  
L20-22-57-C 21172.96 4.9945 0.956 32.2533 7.9441 7.2928 419.98 19.375 
L20-23-57-A 6013.62 4.9709 0.955 33.9302 4.7885 4.4487 240.32  
L20-23-57-B 8114.28 4.9725 0.953 33.4772 5.5749 5.1619 240.32  
L20-23-57-C 7479.09 4.9399 0.955 32.4352 6.2213 5.7758 240.32 20.125 
L20-24-57-A 5092.89 4.9635 0.954 31.9377 6.6412 6.1774 338.9  
L20-24-57-B 4740.1 4.4062 0.955 32.3952 6.523 6.0112 338.9  
L20-24-57-C 7269.73 4.9557 0.954 33.7611 8.3092 7.6096 338.9 21.25 
L20-25-92-A 2661.11 4.9392 0.948 34.8595 14.3759 14.3401 151.81  
L20-25-92-B 3172.57 4.9428 0.95 32.3943 15.0348 14.9958 151.81  
L20-25-92-C 3487.45 4.9557 0.95 32.9656 15.5127 15.4731 151.81 22 
L20-26-92-A 1250.05 4.9224 0.941 34.1483 16.4868 16.4479 348.79  
L20-26-92-B 1284.73 4.9437 0.939 34.213 16.5429 16.5117 348.79  
L20-26-92-C 1642.93 4.9069 0.944 34.1532 17.0823 17.0432 348.79 23.5 
L20-27-92-A 786.19 4.9486 0.934 37.3639 17.7297 17.6868 424.97  
L20-27-92-B 805.16 4.9509 0.933 37.4576 19.4436 19.3934 424.97  





Summary of Data for 
99




























Figure F.1:  Top view of the diagram of the locations of the 
subsamples drilled from the lysimeter 8 source.  The arrows 
indicate the increasing distance from the surface of the source 
(mm).  The subsamples were drilled at the center of the height of 
the source which was not showed because the image is in two 
dimensions.  Diagram is not drawn to scale. 
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Table F.1:  The locations of the subsamples that were drilled from lysimeter 8 source.  The 








































Table F.2: Summary of the data obtained from the lysimeter 8 soil column analyses.  
Subsamples were mixed for 12 days. 














S1-2mm-111 3776 0.0335 0.946 26.2713 5.2593 
S1-5mm-111 15851 0.0231 0.955 27.7369 5.0041 
S1-6mm-111 23164 0.0147 0.955 30.1267 4.9998 
S1-9mm-111 40275 0.0238 0.955 26.8396 4.9512 
S1-12mm-111 30325 0.0211 0.955 30.2646 4.9843 
S1-15mm-111 49791 0.0301 0.956 29.6263 4.9758 
S2-5mm-111 31510 0.0433 0.955 26.7788 4.9995 
S2-7mm-111 49773 0.0248 0.955 27.6563 4.9985 
S2-9mm-111 25663 0.0151 0.956 28.8761 4.9886 
S2-12mm-111 49037 0.0265 0.955 27.4097 4.9861 
S2-14mm-111 33376 0.015 0.956 28.5607 4.9865 
S3-5mm-111 47900 0.0454 0.956 20.9662 4.9658 
S3-7mm-111 29697 0.0141 0.955 21.206 4.9498 
S3-10mm-111 47885 0.0223 0.956 30.2818 4.9845 
S3-11mm-111 20275 0.0096 0.955 27.8081 4.9847 
S3-12mm-111 22606 0.0122 0.955 28.8664 4.9507 
S3-14mm-111 25560 0.0135 0.955 25.7884 4.9814 
S4-4mm-111 31695 0.0477 0.955 29.0425 4.975 
S4-8mm-111 85178 0.0392 0.956 32.2425 5.0007 
S4-10mm-111 25423 0.0122 0.955 33.3919 4.9737 
S4-12mm-111 41968 0.0174 0.956 23.6163 4.9448 





































Figure F.2:  Top view of the diagram of the locations of the 
subsamples drilled from the lysimeter 20 source.  The arrows 
indicate the increasing distance from the surface of the source (mm).  
S2 subsamples were drilled at the center of the height of the source.  




Table F.3:  The locations of the subsamples that were drilled from lysimeter 20 source.  The 
locations correspond to the diagram in Figure B.5.2. 
Sampling location 
















-* Denotes the x-location of the subsamples.   


















Table F.4:  Additional locations of the subsamples that were drilled from lysimeter 20 
source.  The locations correspond to the diagram in Figure B.5.2. 
Sampling location 
Depth from the top 
of the source (mm) 
x-location y-location 
T1 
2 -8 7 
6 -8 7 
12 -8 7 
T2 
2 9 8 
7 9 8 
12 9 8 
T3 
5 0 10 
8 0 10 
12 0 10 
T4 
3 0 -6 
7 0 -6 
10 0 -6 
12 0 -6 
T5 
3-6 7 -7 
8 7 -7 
12 7 -7 
T6 
4 -5 -9 














Table F.5:  Summary of the data obtained from the analyses of the lysimeter 20 source.  


















S2-1mm-77 10780.85 0.0242 0.955 27.7358 4.9665 
S2-2mm-77 15212.15 0.0424 0.95 30.099 5.0067 
S2-5mm-77 17669.72 0.0384 0.955 26.825 5.0014 
S2-8mm-77 33443.05 0.0342 0.956 30.2515 4.9653 
S2-11mm-77 67998.17 0.0393 0.957 29.6171 4.868 
S2-13mm-77 51927.92 0.0432 0.945 26.7789 5.0231 
S2-15mm-77 51329.36 0.0427 0.956 27.6384 4.9893 
S2-18mm-77 53979.24 0.0489 0.958 28.8423 4.3158 
S2-20mm-77 74069.37 0.0387 0.956 27.3975 4.9993 
S2-22mm-77-1 21556.12 0.0103 0.955 28.5654 4.9755 
S2-22mm-77-2 30521.41 0.0131 0.956 20.9985 5.0085 
S2-22mm-77-3 12800.28 0.0042 0.955 21.2159 4.9786 
S2-25mm-77-1 18118.49 0.0136 0.956 30.2905 5.0047 
S2-25mm-77-2 10655.99 0.0057 0.955 27.812 4.9996 
S2-27mm-77-1 21329.76 0.0138 0.956 28.8648 5.0122 
S2-30mm-77-1 31540.03 0.1436 0.956 25.6583 5.0046 
T1-2mm-77 17665.57 0.0373 0.956 29.0529 5.0021 
T1-6mm-77 73629.13 0.0881 0.956 32.1936 5.0095 
T1-12mm-77 33467.17 0.0724 0.956 33.3317 5.0078 
T2-2mm-77 22603.2 0.0465 0.956 23.5872 4.999 
T2-7mm-77 46226.46 0.0773 0.956 20.0953 4.9523 
T2-12mm-77 42966.44 0.1005 0.956 24.1819 4.9855 
T3-5mm-77 40874.51 0.0832 0.956 25.4035 5.0018 
T3-8mm-77 40672.67 0.0231 0.956 23.1129 5.0125 
T3-12mm-82 51923.5 0.2597 0.956 35.2323 4.9866 
T4-3mm-82 14297.69 0.0501 0.956 33.3486 4.9985 
T4-7mm-82 75125.79 0.0576 0.955 35.1199 4.9521 
T4-10mm-82 28945.48 0.046 0.955 30.3142 5.0087 
T4-12mm-82 23500.86 0.1032 0.955 26.9098 4.9872 
T5-3-6mm-82 33488.61 0.0539 0.955 24.3164 4.9942 
T5-8mm-82 29041.3 0.0644 0.954 27.4585 4.9607 
T5-12mm-82 34249.1 0.0457 0.954 23.496 4.9158 
T6-4mm-82 24029.53 0.0434 0.957 24.2315 4.9886 
T6-12mm-82 26051.62 0.0879 0.954 23.1533 5.0044 
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Table F.6:  Summary of the data obtained from the analyses of the lysimeter 20 source.  
This data was obtained after the subsamples were mixed for an additional 10 days. 















S2-1mm-77 13952.52 0.0242 0.949 22.7693 5.029 
S2-2mm-77 17481.09 0.0424 0.954 25.0923 5.0186 
S2-5mm-77 22049.64 0.0384 0.954 21.8236 4.934 
S2-8mm-77 43948.26 0.0342 0.955 25.2862 4.9749 
S2-11mm-77 82717.17 0.0393 0.955 24.7491 5.002 
S2-13mm-77 47737.33 0.0432 0.956 21.7558 5.0031 
S2-15mm-77 62639.37 0.0427 0.956 22.6491 5.0154 
S2-18mm-77 76751.59 0.0489 0.955 24.5265 4.9548 
S2-20mm-77 92760.82 0.0387 0.956 22.3982 4.8972 
S2-22mm-77-1 23673.37 0.0103 0.955 23.5899 4.9215 
S2-22mm-77-2 37617.72 0.0131 0.955 15.99 4.9996 
S2-22mm-77-3 15530.06 0.0042 0.954 16.2373 5.0083 
S2-25mm-77-1 23948.34 0.0136 0.953 25.2858 4.9868 
S2-25mm-77-2 13271.43 0.0057 0.955 22.8124 4.9745 
S2-27mm-77-1 26777.38 0.0138 0.953 23.8526 5.0111 
S2-30mm-77-1 44934.18 0.1436 0.955 20.6537 5.0023 
T1-2mm-77 24415.19 0.0373 0.951 24.0508 5.0069 
T1-6mm-77 92146.14 0.0881 0.956 27.1841 5.0191 
T1-12mm-77 42248.96 0.0724 0.955 28.3239 5.0006 
T2-2mm-77 30068.84 0.0465 0.954 18.5882 4.998 
T2-7mm-77 59872.58 0.0773 0.955 15.143 4.9384 
T2-12mm-77 51150.9 0.1005 0.955 19.1964 5.0014 
T3-5mm-77 53612.26 0.0832 0.956 20.4017 4.97 
T3-8mm-77 49657.73 0.0231 0.957 18.1004 4.6918 
T3-12mm-82 55895.35 0.2597 0.956 30.2457 4.7024 
T4-3mm-82 17594.92 0.0501 0.955 28.3501 4.9864 
T4-7mm-82 95975.46 0.0576 0.957 30.1678 4.9633 
T4-10mm-82 36848.19 0.046 0.956 25.3055 5.0004 
T4-12mm-82 27945.44 0.1032 0.955 21.9226 5.002 
T5-3-6mm-82 34458.17 0.0539 0.956 19.3222 4.9827 
T5-8mm-82 29372.32 0.0644 0.955 22.4978 4.9975 
T5-12mm-82 45330.88 0.0457 0.955 18.5802 4.9304 
T6-4mm-82 38821.31 0.0434 0.955 19.2429 4.9803 
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